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ABSTRACT 
Ultrasound has been shown to have desirable effects on both homogeneous and 
heterogeneous reactions, such as increasing the conversion, enhancing the selectivity, and 
inq)roving the yield. Enhancements due to ultrasound may be attributed to chemical 
effects or mechanical efiects, or to both simultaneously. The chemical effects of 
ultrasound are attributed to the inq)losion of microbubbles, goierating ffee-radicals with a 
great propensity for reaction. Mechanical effects are caused by shock waves formed 
during symmetric cavitation, or by microjets formed when the bubble inq)lodes 
asymmetrically. Research en:phasis in this area attenipts to discem the mechanisms behind 
ultrasound's mechanical effects by selecting a model sofid-liquid noncatalytic reacting 
systCTi in vsdiich the chemical effects of ultrasound are negligible. A rigorous kinetic 
modeling approach is used w^ch allows for reaction in both the liquid and solid phases. 
Afier an extensive analysis of the experimental data obtained ffom the system, it is 
concluded that the reaction occurs on the solid phase, and that the liquid phase reaction is 
negligible. 
Usmg several investigative techniques, the e^qiected effects of ultrasound were 
observed, such as the degradative effects on particle size leading to increased sur&ce area. 
More inq)ortantly, some novel findings of the effects of ultrasound on mass transfer 
parameters are reported. Results cleariy show that ultrasound enhances the intrinsic mass 
transfer coef&cient as well as the effective diffiisivity of an organic reactant through the 
ionic lattice of the product layer. In addition, ultrasound also induces siqiersaturation of 
xvii 
solid sodium sulfide ia the solvent acetonitrile, increasmg the solubility by a &ctor of 1.4 
over the equilibrium saturation concentration. This enhanced solubility is attributed to 
cavitation which creates localized hot ^ ots containing solvent in a siqiercritical state. The 
normally sparingly sohible solid is hi^ily soluble in the solvent v\^en it exists as a 
siq>^critical fluid. The increased solubility in these localized area has "memory" and is 
retained, even after the hot-spot diss^ates into the bulk liquid. The use of ultrasound to 
induce siqiersaturation has significant ^ plications in the areas of chemical kinetics when 
the reaction occurs in the liquid film or the bulk liquid phase. 
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CHAPTER 1. 
GENERAL INTRODUCTION 
1.1 Introduction 
The use of ultrasound to ^ cDitate chemical reactions has existed since 1927 when the first 
chemical (Richards and Loomis, 1927) and biological (Wood and Loomis, 1927) effects were 
reported. Since then, several scientists and physicists have conducted pioneering work in the 
fieM of sonochemistry, and have shown that it is a useful laboratory tedinique for enhancing 
reactions by in:q>roving yields, increasing conversions, changmg reaction pathways and/or 
initiating reactions. Unfortunate ,^ investigations from an engmeering qiproadi are few. 
More mformation is necessary concerning the ^ ects of ultrasound on reaction kinetics and 
mass transfer before these reactions can be scaled up to an industrial scale. This thesis reports 
the details of a chemical engineering approach developed to e^qtlain the ultrasonic 
enhancement of the chemical and mass transfer processes of a model soHd-liquid reaction. 
1.2 Dissertation Organization 
Oiapter 2 is a con:q)rehensive review of ^ ^t is available in the literature potaining to the 
use of ultrasound in organic synthesis. The latter sections of the review contain information 
concerning scale-iq> and design of sonochemical reactors. 
Chapter 3 contains the initial investigations and e>q)erimental data obtained for a model 
solid-liqmd reaction, the ^thesis of dibenzyl sulfide from ben;^l chloride and sodium sulfide, 
xising a variety of rate enhancement techniques, mchiding microphases, phase transfer catatysis 
2 
and ultrasound. The objective of the paper was to investigate the individual and combined 
effects of these rate enhancement techniques. After this work was con^leted, the research 
path bifiircated from, the study of phase transfer catafysis and microphases and focused solely 
on the use of ultrasound. 
Chapter 4 is a detailed investigation, including a conqilete kinetic analysis and mass 
transfer study, of the model solid-liqiiid system described m Chapter 3. The objectives of this 
work were to e^ustivefy study the reaction fiom many different angles in order to obtain 
tangible evidence that could be used to »q>lain the effect of ultrasound on mass transfer and 
kinetic parameters. Several anafytical tools were used to realize this goal, including a 
scanning electron microscope to track the changes in the morphology of the sur&ce, an image 
analyzer to determine the effects on the sodium sulfide particle size, an absorption isotherm 
apparatus using the BET method to determine the effects on the solid sur&ce area, and a gas 
chromatograph to determine the kinetics of the reaction by measuring the concentrations of 
reactant and product. 
Chapter 5 contains the results of studies on the dissolution of sodium sulfide in acetonitrile 
(the same solvent used in the kinetic and mass transfer studies in Chapters 3 and 4). Initially, 
the dissolution studies were performed in an atten:q)t to determine the effect of ultrasound on 
the intrinsic mass transfer coef&dent. However, ultrasound was found to lead to considerable 
siq>ersaturation of the soM reactant, a finding which had not been previou  ^reported. The 
objectives of this paper were to report this finding and to peculate the mechanisms wiiich 
may be causing this phaiomenon to occur. 
3 
Chapter 6 summaiizes the general conclusions of the research contained in this 
dissertation. It also attei]:q>ts to conv  ^the in^>ortance of these contributiQns to the field of 
sonochemistry. 
Because each chapter in this thesis is conq>rised of individual p^ers \^ch will be 
submitted for publication (or have been publi^ed), they are each self-contained and include 
their own nomenclature and references. In addition, although the review is very detailed, it 
has been included in its entirety. 
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CHAPTER 2. 
SONOCHEMISTRY: SCIENCX AND ENGINEERING 
A p^er submitted to Industrial Engineering Chemistry Research 
Lei  ^C. Hagenson and L. K. Doraiswamy 
mtrasound has proven to be a very useful tool in enhandng the reaction rates in a variety 
of reacting systems. K has successfulfy increased the conversion, improved the yield, changed 
the reaction pathway and/or initiated the reaction in biological, chemical and electrochemical 
systems. This non-classical method of rate enhancement, a field termed sonochemistry, is 
becoming a widely used laboratory technique. Industrially, the process of producing 
ultrasound is a very inefficient process, burdened with high operating costs. However, the use 
of ultrasound may reduce or elimmate other process costs by oiabling the use of milder 
operating conditions (e.g. lower temperatures and pressures), eliminating the need for costly 
solvents, reducing the number of synthesis steps while simultaneously increasing end yields, 
enabling the use of lower purity reagents and solvents and/or increasing the activity of existing 
catalysts. The use of ultrasound appears to be a promismg akemative for high vahie 
chemicals and pharmaceuticals, addition, advances are constantly bemg made to make it a 
feasible option in the continuing ^ ort to intensify large-scale processes. Currently, a pilot 
plant is being fimded by the Electridte de France to sonochemically oxidize cyclohexanol to 
cyclohexone indirect  ^(Qndrey et aL, 1996). Hoechst and several other coiiq>anies are 
working on a project with Germmiy's Clausthal Technical University (Clausthal-Zellerfeld) 
which uses a modular sonochemical reactor to produce up to 4 metric tons of Giignard 
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reagent per year. They found that the use of ultrasound increases the conversion by a &ctor 
of five and reduces the induction period firom 24 hours to SO minutes (Qndr  ^et al, 1996). 
\^[th such high enhanconents in rates, it is no wonder that the number of publications in 
the field of sonochemistry has increased significant  ^in the last twenty years. Much of the 
pioneering work in the field has been done by chemists and physicists v\^o have found that the 
chemical, and some mechanical, effects of ultrasound are a result of the inq)losive collapse of 
cavitation bubbles. The Interest of the dhemical engineer in capturing and quantiJ^g the 
beneficial efifects of ultrasound is rising, but publications in such cmdal applied areas as mass 
transfer, reaction kinetics and modeling, and reactor design are ^ arse. The objective of the 
present review is to conq)ile and condense information available in the literature, and to 
organize it in. such a &shion as to &dlitate and in^ire future research in the field of 
sonochemistry. 
2.1 History 
The interest in ultrasound and cavitational effects dates back over 100 years. The first 
report of cavitation was published in 1895 by Thomycrofi and Bamaby \^en they noticed the 
propeller of their submarine, the H.M.S. Daring, was pitted and eroded. Twenty-two years 
later, in 1917, Lord Rayleigh published the first mathematical model describing a cavitational 
event in an incompressible fiuid. However, ultrasound was not used to enhance reaction 
systems until 1927 when Loomis reported the first chemical (Richards and Loonds, 1927) and 
biological (Woods and Loomis, 1927) effects of ultrasound. Ten years later Brohult (1937) 
6 
discovered that ultrasoimd led to the degradation of a biological polymer. Research in this 
field of ultrasonics was expanded to the degradation of synthetic polymers by Schmid in 1940. 
One of the most basic concepts of sonochemistry is that firee radicals are formed as a resuh 
of cavitation of microbubbles created during the rare&ction (or negative pressure) period of 
sound waves. This phenomenon was first reported by Weiss in 1944 when he observed the 
sonolysis of water (H2O ^  H* + OH*). The same year Harvey et al. (1944) introduced the 
concept of rectified dififiision (the growth of microbubbles due to unequal transfer of mass 
across the inter&ce during bubble oscillation). The early 1950's brought about several new 
and exciting developments in the field of sonochemistry. Nottingk and Neppiras (1950) 
performed the first con^)uter calculations modeling a cavitating bubble. Three years later 
Schuhz and Henglein (1953) reported the sonolysis of an organic liquid. In 1954, Elder et al. 
suggested that bubble induced microstreaming was one of the &ctors leading to the wefl-
known ultrasonic cleaning effects in heterogeneous systems (see also Elder, 1959). 
In the 1960's the majority of sonochemical effects published concemed biological systems. 
The ultrasonic cleaning bath was starting to be used in many diemical and metallurgical 
laboratories for cleaning glassware and forming dispersions. Naude and Ellis hypothesized the 
existence of microjets formed during asymmetric cavitation in 1961. This concept is stiH alive 
today and is used to e7q)lain the pitting of sofid sur&ces and overall particle size reduction in 
heterogeneous systems. In 1953 Weissler published the first observation of a decrease in the 
rate of a sonochemical reaction with an increase in the ambient reaction ten^erature, a 
phenomenon observed in several systems to date. In 1964 coined the now commonly 
used terms "transient cavitation" and "stable cavitation". 
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ia the 1970's there was a hiQ in publications concerning sonochendstiy; however, the field 
regained interest in the 1980's and the number of publications increased dramatical .^ 
Neppiras (1980) used the term "sonochemistty" for the first time in a review of acoustic 
cavitation. Mankio et al. (1982) used ^ in trapping and ESR (electron ^ in resonance) 
measurements to validate the finHtngs of Weiss in 1944 on the sonofysis of water. The field of 
sonochemistty was becoming so popular that in 1986 the first international meeting devoted 
to it was held by the Royal Society of Chemistry Ammal Congress at Warwick University in 
U.K Such meetings have since become an anmial event During the year 1987 the Royal 
Society of Chemistiy founded a Sonochemistry Groiq) based at the Harwell laboratory of 
U.K.'s Atomic Energy Authority with the objective of developing methods to ^ cilitate the use 
of ultrasound for industry. In the late 1980's and eaify 1990's several manu&cturers started 
designing and marketing equ^ment exclusively for sonochemical research. The first issue of a 
new periodical entitled "Ultrasonics Sonochemistry", dedicated to the applications of 
ultrasound in chemistiy, was released in 1994. 
2.2 General Introductioii 
Ultrasound occurs at a frequency above 16 kHz, higher than the audible firequency of the 
tinman ear, and is typicalfy associated with the firequency range of 20 kHz - SCO MHz. The 
firequency level is inversely proportional to the power output. Low intensity, hi  ^frequency 
ultrasound (in the MHz range) does not alter the state of the medium through wMch it travels 
and is commonly used for non-destructive evaluation and medical diagnosis. However, high 
intensity, low frequency ultrasound does alter the state of the medium and is the type of 
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uttrasound typically used for sonodieimcal applications. A cuirent list of the various 
applications of ultrasound is shown in Table 2.1. Many of these ^ plications are briefly 
e^lained in the Kirk-Othmer Encyclopedia of Chonical Tedmology (1983). 
There are several references available which provide a general overview of the field of 
sonochemistry and the types of chemical reactions \^di have beoi studied (see, e.g., Suslick, 
1988; Suslick and Doktycz, 1990; Ley and Low, 1991; Mason, 1989 and 1991). Some 
authors have coiopared the various effects of ultrasound to other types of chonistry, such as 
mechanochemisty (Boldyrev, 1995). However, as will be evidaot from this review, it will take 
the combined effort of scientists and engineers to thoroughly understand sonochemical 
reactions and develop rational design procedures for sonochemical reactors. 
Table 2.1. Applications of nltrasound. 
Chemical and Allied Industries Other 
Air scrubbing Abrasion Medical inhalers 
Atondzation Cleaning Metal-grain refinement 
Cell disnqition Coal-oil mixtures Metal tube drawing 
Crystal growth Cutting Non destructive testing 
Crystallization Degradation of powders of metals 
Defoaming Dental descaling Physiotherapy 
Degassing Drilling Plastic welding 
Depolymerizarion Echo-ranging Powder production 
Diversion of solids Erosion Soldering 
Dissohition Fatigue testing Sterilization 
Eteying Flaw detection Welding 
F.TTnilsificfltinTi Flow enhancement 
Extraction Tmaging 
titration 
Flotation 
Homogenization 
Sonochemistry 
Stimuhis for chemical reactions 
Treatment of slurries 
9 
2.3 Theory 
The chemical and mechanical efifects of ultrasound are caused by cavitation bubbles which 
are generated during the rare&ction, or negative pressure, period of sound waves. During the 
negative pressure cycle, the liqud is pulled ^ art at sites containing some gaseous irt^urity 
(nacleation sites), forming a void. This efEect can be seen everyday wiien drinking a 
carbonated beverage. The bubbles of carbon dioxide form at scratdies in the glass where 
gaseous impurities, sudi as air, are harbored and act as nacleation sites for cavitation. The 
cavitational activity is directly proportional to the number density of particles present in the 
medium (Madanshetty and Ap&l, 1991). The chemical effects ofultrasoimd are not observed 
\^dlen there are no dissolved gases in the system, when the sound intensity is not greater than 
the cavitation threshold of the system (Fitzgerald et al, 1956), or when the reactant is not 
volatile enoxi  ^to enter the cavitation bubble during its formation (GrifBng, 1952). 
The physical and chemical effects of ultrasound are a result of both stable and transient 
cavitational events, v^diich are described in the following sections. Two coiiq)eting theories 
exist to e7q)lain the chemical effects of ultrasound due to cavitation: the hot-spot theory and 
the electrical theory. The hot-^ot theory postulates that when the bubbles cavitate, localized 
hot spots, reaching tenq)eratures and pressures in excess of5000 K and 500 atm are formed. 
On the other hand, the electrical theory postulates that an electrical charge is created on the 
sur&ce of a cavitation bubble, forming enormous electrical field gradients across the bubble 
which are capable of bond breakage upon collapse (Margufis, 1985). The hot-^ot theory is 
generally more accepted, although Margulis (1992 and 1994) reports many phenomena MNiiich 
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contradict this theory but are siq>ported by the electrical theory. A Letter to the Editor 
published in 1996 conpletefy discounted the electrical theory as a valid mechanism behind 
sonohnninence and sonochemistry (Lepoint-MulKe et al.). 
23.1 Bubble dynamics 
The chemical ef^s of ultrasound have been attributed to the collapse of both stable and 
transient cavitational events. The following sections provide a brief explanation of bubble 
dynamics and the modeling wiiich has been published in the literature. For a coroprehensive 
review of acoustic cavitation and bubble dynamics, refer to Neppiras (1980). 
a. Stable cavitation 
Stable cavitation bubbles are bubbles \^ch are formed and oscillate around a mean radius 
in the sound field and exist for many acoustic cycles. For this to occur their growth rate 
during the rare&ction must be equivalent to their rate of contraction during the conq)ression 
phase. This specifies that rectified difBision, or the unequal transfer of mass into the bubble 
during the acoustic wave cycle, not occur. The wall motion of a stable bubble in an acoustic 
field is described by the relation 
(1) 
\^^ere PL(B-) is the liquid pressure just outside the bubble wall, given by 
pi(R)=PT(R)-^-Y (2) 
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where both Eq^tions (1) and (2) are based on, but not Ihmted to, the assun^tions that the 
and R represent first and second order time derivatives of the bubble's radius, respectively. 
The pressure &r from the bubble in an acoustic field with a pressure anqilitude PA and angular 
frequency (D is described by 
where Po is the hydrostatic (ambient) pressure. The pressure of the total mass content in the 
bubble at a given radius, pi(R), is the sum of both the permanent-gas pressure, pg(R), and 
vapor pressure, pv(R)- When it is assumed that the bubble is filled with an ideal gas, contains 
no vapor, and behaves as an adiabatic system (PV  ^= constant), the Rayleigh-Plesset equation 
is obtained. 
\^dlere R, is the bubble radius at equilibrium, y is the q)ecific heat ratio of the gas within the 
bubble and p, a, and ri are the density, sur&ce tension and viscosity of the bulk fluid, 
req)ectivefy. Equation (4) is also vaHd for the isothermal case wdien y is set equal to 1. 
Bubbles with an equilibrium radius Ro in a liquid system, with a fixed tenqierature T and 
negligible viscous forces, will pulsate with a resonance frequency <%, as defined by 
liquid phase is mcon^ressible (p = constant) and viscous forces are neglected. The terms R 
Poo(t) = Po-PA««o>t (3) 
(4) 
(5) 
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The eigenfiequency o j takes into account damping of the fineai osdDations due to viscous 
forces, as defined by 
When the angular frequency of the ultrasound is eq  ^to the resonant frequency of the 
bubble (Le. when o = cor), resonant cavitation occurs. Because many ultrasonic transducers 
are designed with a set frequency, operating under resonance conditions is easier to achieve by 
changing the system's parameters in order to alter the bubble's resonant frequency to match 
that of the transducer's. This can be done by varying the hydrostatic pressure (Cum et ai, 
1988) and the ^ stem teniperature (Cum et al., 1990). Operating at resonant conditions has 
been found to increase the rate and yield of reactions, such as the oxidation of indane to 
indan- 1-one in the presence of KMn04. The effect of vaiying the ultrasonic frequency in 
order to drive the bubble dynamics towards transient cavitation has also been investigated 
(Cvanetal., 1992). 
b. Rectified diffusion 
Rectified difSision is the event where cavitation bubbles grow more during expansion than 
th  ^shrink during contraction due to the unequal difiBision of gases and vapor from the bulk 
liquid phase into the bubble. A great deal of information on research and modeling of rectified 
diffiision is available in the literature (see, e.g., Crum, 1984 and 1980; Crum and Hansen, 
1982) and will not be covered here. 
(6) 
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c. Transient cavitation 
A transieiit cavity is one i^ch exists for only a few acoustic cycles. During its existence it 
grows to 2 or 3 times its mirial size and, upon implosion, creates ^ dreme tenq)eratares and 
pressures within its cavity. The waU motion of a transient, gas- Med cavity is described by 
(Neppiras, 1980) 
- 3 ., 1 RR+-R^=-
2 0 
(7) 
where Rmoz is the mavimnTti radius the bubble obtains just before collapse, P is the gas 
pressure in the bubble at its mayimiiTTi size, and Pm is the liquid pressure at transient collapse. 
Since the collapse of the bubble always occurs when the acoustic pressure is near its peak, Pm 
is similar in vahie to (PA + Po) in an infinite fluid where the bubble density is very smaD, and 
can be qiproximated as Po, the hydrostatic pressure, in an intense acoustic field where the 
bubble density is high. The ratio of the mifimnTm bubble radius to the maximum radius is 
given by 
^mar WY-I) 
3(Y-1) (8) 
It is typicaify assumed that the bubble collapse is adiabatic, which allows the maximum 
temperature (Tmax) and pressure (Pmax) within the gas filled, transient bubble at the moment of 
collapse to be estimated using Equations (9) and (10), respectively. These relationsh^s are 
T = T 
^max (9) 
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P =P PM(y-1) Y-1 (10) 
developed neglecting sui&ce tension and viscosity of the fluid and assuming the cavity is filled 
vsdth an ideal gas. If the cavity contains vapor as well as gas, the collapse will be cushioned, 
and the maximum pressure and tenqierature will decrease because some of the energy 
generated during collapse wiH go towards condensation of the v^or. The time for complete 
collapse Tm is developed (Khoroshev, 1963) under the same assunq)tions, and is given by 
® 0-915 R„  ^
1 
\*m/ 
1+ — 
V. Pm-^ 
(11) 
d. Modeling 
Models have been developed to e?qplain the bubble dynamics and sonoluminescence for 
a single, stable cavitation bubble (Gaitan et al, 1992). In addition, experimental results have 
been conq)ared with shnulations of the Keller-Nfiksis radial eq^tion with a linear polytropic 
e;q)onent approximation (Keller and Miksis, 1980), the Keller-Miksis radial equation A^ch 
uses a more exact formulation for the internal pressure (Pro^eretti et al., 1986), and Flymi's 
formulation vsMch includes thermal effects inside the bubble (Flynn, 1975). 
Some authors have concluded that the cavitational effects of ultrasound are not due to a 
single cavitational event, but are due instead to events occurring within a cloud of bubbles 
(Atchl  ^et ai, 1988). It has been found that bubble clouds scatter, focus, and channel the 
sound waves as they propagate through the medium (Leighton, 1995). Leighton remarked 
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that smgle-bubble theoiy should be reinteipreted, at least in modeling the local surroimdings 
of the single bubble, to account for the bubble population and the effects of the bubbles on 
one another. This contradicts "classical" ^ proaches, such as taken by Al^pi (1992) who 
states that since the dynamics of bubbles in a sound field are non-linear, each event ^ould be 
solved separate .^ Neppiras (1980) explains that v\4ien bubbles are in a cloud, the collapse is 
more violent because it initiates at the outemiost layers of the cloud and then propagates 
inwards. This type of collapse occurs w^en the bubbles e^qiand in phase (approximate^) on 
the tension half-cycle. 
23^ Factors affecting cavitation 
The ambient conditions of the reaction system can greatly influence the intensity of 
cavitation, which directly affects the reaction rate and/or yield. These conditions include the 
reaction ten:perature, hydrostatic pressure, irradiation firequency, acoustic power and 
ultrasonic intensity. La addition, the presence of dissolved gases, choice of solvent, san:q)le 
preparation and choice of buffer can also have a significant effect on the cavitational intensity. 
Each of these &ctors is described in detail below. 
a. Presence of dissolved gases 
Dissolved gases act as nucleation sites for cavitation. As gases are removed from the 
reaction mixture, due to the implosion of the cavitation bubbles, flulher cavitation becomes 
more difi&cult. Bubbling gases through the mixture &cilitates the production of cavitation 
bubbles; however, the selection of the gas is in^ortant. Because the collapse of the bubble 
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occurs in sudi a small amount of tim^e (~ 3.5 |xs as estimated by Prasad Naidu et al., 1994), it 
can be assumed to occur adiabaticaOy. Hence, as a general rule, a gas with a high ^edfic 
heat ratio gives a greater cavitational effect than a gas with a low specific heat ratio. 
Monatomic gases, sudi as argon and helium, convert more energy iq>on cavitation than 
diatomic gases, such as nitrogen and OTQ^geo, due to the larger ratio of ^ edfic heats. Gases 
which are extremely soluble in the reaction mixture result in a smaller cavitational effect 
because the bubbles formed may redissolve. The bubbles wMch do not dissolve often become 
so large (because of the easy penetration of gas into the bubble) that th  ^float to the sur&ce 
and explode. The thermal conductivity of the gas is also in^ortant because, although the 
course is modeled as adiabatic, there is a small amount of heat which is transferred to the 
bulk liquid mixture during collapse. As the thermal conductivity of the gas increases, the 
amount of heat loss due to thermal diss^ation also increases. 
The dependence of cavitational intensity on the characteristics of the dissolved gases has 
been studied by Entezari et al. (1997) vsdio investigated the effect of ultrasound on the rate of 
carbon disulfide dissociation. Th  ^found that He gave the hi^est reaction rate and CO2 gave 
the lowest, with the rate decreasing in the following ordra  ^of gases present: He > H2 > air > 
Ar > O2 > C02- Since argon has a hi^er ^ edfic heat ratio that helium, th  ^were piuzled 
with the observations. They concluded that the predommant &ctor in this system was the gas 
sohibility, with helium possessmg a higher sohibiHty than argon. 
When the formation of hydroxyl radicals plays an inq)ortant role in the mechanism of the 
reaction, a finite amount of o^Q^gen, in combination with a monotomic gas, may accelerate the 
rate over the use of a pure monotomic gas alone. The liberation of iodine firom aqueous 
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potasshun iodide was investigated under several different atmo^heres consisting of various 
ratios of oxygen to argon (Hart and Henglein, 1985). The reaction was carried out in the 
presence of ammonimn molybdate and hydrogen peroxide (H2O2), wMch catalyzes the 
oxidation of the iodide ion to iodine, and was found to have a tnaximuin rate in the presence 
of 30% OT^gen - 70% argon atmo^here. Similar results were found for the ultrasonic 
degradation of phenol in an aqueous solution (Berlan et al. 1994). Although the ratio of 
q)ecific heats (Y) is higher for argon than for o?QRGEN, it was determined that the concentration 
of OTQTgen Volitated the fonnation of hydroxy radicals, which accelerated the reactions. 
Bubble dynamics equations have been used to predict the amoimt of free radicals (in 
moles) generated during collapse in order to estimate the concentration of free radicals 
required for kinetic analysis (Prasad Naidu et al, 1994). The authors started with the 
Rayleigh-Plesset equation (as given previous  ^by Equation (4), \^Mch was altered slightfy to 
account for the pressure of the vapor within the cavitational bubble. Th  ^assumed that the 
entire growth phase and the initial part of the collapse phase of the bubble was isothermal, 
thus setting a = 1. They also assumed that the vapor in the cavily was equal to the saturation 
vapor pressure of the liquid (?$), and used the boundary conditions 
\^iien t = 0, R = Ro and R = 0 (12) 
The collapse phase was assumed to become adiabatic once the pressure of the gas within the 
cavity became equal to the saturation vapor pressure of the liquid (Le. Pg = Ps). The 
parameter R2 was defined as the radius of the bubble at which the transition from isothermal 
to adiabatic collapse occurs. Using the same system as Hart and Henglein (1985) described m 
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the previous paragr^h they sufEideiitfy e7q)laiiied the e?q)eriinental data, \^e accounting for 
the dissolved gases within their model (refer to the article for detailed information). However, 
the predictive ability of the model varied depending iq)on the type of dissolved gas. The 
model adequately e^lained the variation of experimental data obtained imder an OTQ'gen 
atmo^here, but deviated greatfy firom experiments conducted under a nitrogen atmo^here. 
One of the main reasons for this deviation may be because the authors assumed that the 
number of bubbles produced within the sonicated mixture was constant, regardless of gas 
content and KI concentration. As discussed previous ,^ the number of bubbles produced 
would depend upon gas sohibiHty. It would also depend iqion KI concentration because KI 
has a much lower vapor pressure and higher sur&ce tension than water, which would reduce 
the amount of bubbles formed. The model appears to have better predictive ability A^dien the 
reaction is carried out in a nitrogen atmo^here at low KI concentration, but its predictive 
ability decreases as the concentration of KI in solution increases, in addition, the authors used 
stable bubble dynamics to predict transient cavitational behavior, v^iiich may also reduce the 
predictive ability of their model 
b. Ambient temperature 
Contrary to chemical reactions in general, an increase in the ambient reaction tenq)erature 
results in an overall decrease in the sonochemical efifect. The decrease is a result of the 
following sequence of events: first, as the reaction tenperature is raised, the equilibrium 
vapor pressure is also increased. This leads to easier bubble formation (due to the decrease of 
the cavitation threshold); however, the cavitation bubbles which are formed contain more 
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vq)or. As discussed previous ,^ vapor reduces the ultrasonic energy produced upon 
cavitation because it cu^ons the iroplosion, m addition to using entha^y generated in the 
in^losion for the purposes of condensation. In general, the largest sonochemical efiects are 
observed at lower teiiq)eratures when a majority of the bubble contents is gas. 
ia certain reaction systems, an optimum reaction tenq>eratare may lead to more &vorable 
results. In such systems, an. increase in ten^erature will increase the kinetic reaction to a 
point at v\4iich the cushioning effect of the v^or in the bubble begins to dominate the system. 
When this occurs, the yield of the reaction begms to deorease 19011 further increase in ambioit 
reaction ten^erature (see, e.g., Ibisi and Brown, 1967; Ley and Low, 1989). The yield may 
even reach a plateau with ten:q)erature, and thai decrease \\^en the temperature reaches a 
certain value or higher, as observed by Segal and Wang (1981) vdien investigating the 
degradation of thymine. In this case, the observed tenqierature effect was dominated by the 
reaction kmetics in and around the cavitating bubble. Th  ^argued that smce thymine was 
relatively nonvolatile, the degradation reaction was occurring in the gas-liquid film between 
the cavitating bubble and the bulk fiqoid mixture (which will be discussed in greater detail in 
Section 2.7). As the reaction tenqierature increased, the rate of difSision of thymine from the 
bulk liquid phase to the reaction zone was accelerated, thus increasmg the yield. However, 
the increase m temperature was also simultaneously decreasing the intensity of cavitation, thus 
reducing the amount of firee-radicals produced within the bubble. It was peculated that these 
free-radicals were req^ed for the degradation reaction to occur, and that they difSise from 
tbe vapor cavity to the gas-liquid film where reaction ensues. As the rates of the 
counterdifriising reactants became conqiarable, a fiirther increase in ten:q)erature had littie or 
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no effect on the reaction (Le., the yield plateaued as a fimction of teiiq>eratiire). However, as 
the teaq)eratiire continued to be mcreased, the declining production of free-radicals began to 
have a negative effect on the reaction rate, and the yield decreased. 
c. Ambient pressure 
An increase in the ambient reaction pressure general  ^resuhs in an ov^aU increase in the 
sonochemical effect, as found by Moulton et cd. (1987) when they were investigating the 
hydrogenation of soybean oiL The vapor pressure of the mixture was reduced while the 
cavitation thre^old was increased with increasing system pressure. This increased the 
inqilosion, thus increasing the ultrasonic energy produced upon cavitation. 
However, there is a limitation to this, as found by Moulton et al (1983) when investigating 
the ultrasonic hydrogenation of soybean oiL When operating at an ambient pressure of 200 
psig and greater, ultrasound had little effect on the catatyst activity. Yet, when the pressure 
was decreased to 115 psig, the effects of ultrasound were significantly increased. It appeared 
that operating at pressures of200 psig and above increased the cavitation thrediold in the 
system to a level at which the cavitation bubbles could no longer be produced, or were 
produced in such small quantities that they did not significant  ^affect the overall reaction. For 
any given system an opthznim operating pressure will most Hkely exist (see, e.g., Berlan et al., 
1994). 
As discussed in Section 2 .^1ui, changing the hydrostatic pressure can alter the resonance 
firequency (Equation (6)) and equilibiium radius (Equation (4)) of the bubble, and drive the 
system towards a resonance conditions. This approach was taken by Cum et al. (1988) who 
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found that operating the system under resonance conditions increased the rate and yield of the 
reaction. 
d. Choice of solvent 
The natural cohesive forces of the solvent have a small affect on the formation and 
cavitation of microbubbles (Lorimer and Mason, 1987), with the greatest cavitational effects 
occurring in solvents ^ widi a higher viscosity. In addition, it is advisable to select a solvent 
with a low volatility because vapor within the bubble cushions the mq)losion, reducing the 
cavitational intensity. As found by several researchers (see, e.g., Fitzgerald et al., 1956; 
Luche et al., 1987b), cavitation is inhibited v&en the extremely volatile solvent diethyl ether, 
with vapor pressure of-0.73 atm at 25 °C, is used as a solvent. 
e. Sample preparation 
The amount of time between sanqile preparation and sonication may afifect the length of 
sonication time required b^ore maxinnmi cavitational inteosity is achieved. When Henglein et 
al. (1992) sonicated their sanq)les within 10 minutes afier the soHds were added to the 
solvoit, 5 pulse numbers were required befi)re maximum intensity was observed in the 
solution (they were nsing a 5-ms ultrasonic pulse train and measured intensity by the detection 
of lummescence signals). However, \^en the sanq)le was left to sit for 9 days before the 
application of iiltrasound, only 2 pulse numbers were required and the maximuTTi intensity was 
higher than observed in the 10 minute san^le. They q)eculated that this bdiavior could be 
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due to the behavior of the dissoked sofids, vMch may have introduced dust particles into the 
mixture, acting as nucleation sites for cavitation. 
f. Choice of buffer 
If buffers are used \NMch liberate CO2 in the presence of ultrasound, such as sodium 
carbonate and calchmi carbonate, the sonochemical effect be decreased (Geier, 1989). 
The presence of C02 interferes with the deliyery of the sound waves to the reaction medium. 
g. Ultrasonic frequency 
The frequency of the ultrasound has a significant effect on the cavitation process because it 
alters the critical size of the cavitation bubble. At very high frequencies, the cavitational effect 
is reduced becaiise either (1) the rare&ction cycle of the sound wave produces a negative 
pressure insufi&dent to initiate cavitation or (2) the compression cycle occurs &ster than the 
time required for the microbubble to collapse. In the past, typical sonochemical reactions 
were carried out at frequencies between 20 and 50 kHz. la some reactions, alteration of 
frequency has no apparent effect, sudi as the in the dissociation of carbon disulfide (Entezari 
et al., 1997). However, in other reactions, such as oxidations, current research is finding that 
higher frequencies may lead to higher reaction rates. For exan:q)le, the rate of sonochemical 
oxidation of iodide in the presence of air was 31 times greater \\4ien operating at a frequency 
of900 kHz conq)ared to operating at a frequency of 20 kHz (Entezai and Kruus, 1994). The 
huge increase in the rate of oxidation was not due to a larger power icput, because the 900 
kHz operating system had a power input of 25 W, while 20 kHz had a power input of 39 W. 
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\^th the knowledge of i^di fiequency and reaction atmo^here resulted in the greatest 
cavitational intensity, the authors performed the same experiments under an atmo^here of 
argon and found that at 20 kHz the rate of oxidation was 1.14 times greater in the presence of 
argon than in the presence of air. This was e^qpected as discussed in Section 
However, \\^en operating at 900 kHz, the rate was 3.13 times greater in air. It seems likefy, 
therefore, that although the intensity of cavitation was lower in the presence of air because of 
its lower pofytropic ratio, the formation of hydroTQ^l radicals fiomthe air-water mixture was 
increased due to the larger number of cavitational events at 900 kEbu, thus increasing the rate 
of oxidation of iodide. These findings were reinforced in a subsequent studies (Pettier et al., 
1992b; Entezari et al, 1996). However, Pettier et al. (1992b) also reasoned that since bubble 
lifetimes were shorter at higher frequencies (3 x 10'^  s at S14 kHz as conqiared to 3 x 10'^  s at 
20 kHz), that the OH radicals have an opportunity to escape the cavitation bubble before 
undergoing any reaction. A sinnlar hypothesis was been proposed by Mason et al. (1994) 
A^o q)eculated that the escape of the OH radicals to the bulk solution increases their 
availability for reaction. 
The rate of sonochemical degradation of carbon tetrachloride was increased \^4ien using a 
frequency of500 kHz, as conq)ared to 20 kHz (Francony and Petrier, 1996). Each frequency 
level had a constant power diss^ation of 30 W, and produced Q* and CO2 as the primary 
products of degradation. However, these products were produced at a fester rate \^^en 
operating at 500 kHz. When investigating a similar reaction, the degradation of 
trichloroethylene at 20 and 520 kHz, Driers et al. (1996) concluded that the reaction was 
"energetically more ef&dent" at 520 kHz. As a side note, the same authors also investigated 
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the effect of pH on the degradation kinetics and found that the rate constant increased as the 
buffer sohition became more basic. 
In conchision, lower frequency ultrasound produces more violent cavitation, leading to 
higher localized ten^eratures and pressures at the cavitation site. However, higher 
frequencies may actua% increase the number of free radicals in the system because, although 
cavitation is less violent, there are more cavitational events, thus more opportunities for free 
radicals to be produced (Crum, 1995). In addition, the shortened bubble lifetime may increase 
the amount of free-radicals vMdi are able to escape from the cavitation site to the bulk 
mixture, where they &ci]itate the bulk reaction. It is contended that the optimum frequency is 
^stem ^ edfic and depends on wdiether intense tenqieratures and pressures are required, or if 
the rate of single electron transfer is more in^ortant. 
h. Acoustic power 
Many authors have found that as the power delivered to the reaction mixture increases, the 
rate of the reaction increases to a inaxinnnn and then decreases with a continiied increase in 
pow  ^(see, e.g., Gutierrez and Henglein,1990). A possible explanation fr>r the observed 
decrease at high powers is the formation of a dense cloud of cavitation bubbles near the probe 
t  ^wiiich acts to block the energy transmitted from the probe to the fluid (see, e.g., 
Ratoarinoro ail, 199Sa; Contaminee/a/., 1994). 
The optimum power level is also dq)endrait on the operating frequency (WhiUock and 
Harv ,^ L997b). When investigating the rate of corrosion of304L stainless steel, the authors 
found that curve Tnaymm were different (Le. different power optimums) for different 
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ultrasonic frequencies. No maxTrniim was observed v^en operating at 20 kHz, as was also 
found by Hagenson et al. (1994) when researching the synthesis of dibenzji sulfide. 
23^ Sonolominescence 
Sonohiminescence is the emission of light assodated with cavitation. It was discovered in 
1935 by Frenzel and Schuhz when they observed a &int hmdnenscence over a water bath 
it was exposed to intense ultrasound. No general consensus has been reached as to 
what causes this light emission, although several hypotheses have been postulated (see, e.g., 
Lepoint-MuUie et al, 1996). A review of sonohuninescense was done in 1984 by Walton and 
Reynolds which includes several of the theories in the literature atten^ting to explain the 
origin of sonohmmescence, although th  ^believe that it is due primarily to the recombination 
of firee-radicals generated within cavitation bubbles during collapse. However, Suslick et al. 
(1990) accepts an alternate theory that the lig^t emission is caused by thermal  ^created 
chemiluminescence. As is evident, more work is needed before a general consensus can be 
reached. 
The e?q)erimental work performed in the area of sonohuninescence has resulted in several 
interesting observations. For instance, in an air-water system, it was found that 
sonoluminescence intensity is highest at lower tenq)eratures and decreases exponentially with 
increasmg system tenqterature, iq) to tenq)eratures of 90 °C (363 K), ^ ere it becomes 
imdetectable (Chendke and Fogler, 1985). The sonoluminescence intensity is dependent on 
the solvoDt, as it increases in the order of MeOH ~ EtOH < n-PrOH ~ ^ -BuOH < CeHe 
(Sehgal et al.. 1977). It is also dependent on the dissolved gas in solution, as it decreases with 
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increasing thermal conductivity of dissolved rare gas in the order of Xe > Kr > Ar > Ne > He 
^Bidding, 1963). A theoretical study of sonohiminescence was published in 1993 by Kamath 
etal. 
23 A Estimation of ultrasonic parameters 
The following sections and Table 2.2 provide a sunmiary of pertinent ultrasonic parameters 
wMch have been estimated by different authors either through e?q)enmental researdi or model 
shnulations. ^^hile the actual values of the parameters are system dependent, the values in the 
table are provided as estimates of orders of magnitude for modeling studies. 
a. Ultrasonic velocities in pure fluids and mixtures 
The ultrasonic velocity in pure fluids can be determined as a function of bulk tenq)erature 
and carbon number using Equation (12) 
where the constants have been determined by Wang and Nur (1991) for /z-aDcanes and 1-
alkenes, as given in Table 2.3 (units of v [=] m/s and T [=] °C). Values are also given in the 
reference for naphthenes as a fimction of temperature alone. As shown by Equation (12), the 
velocity increases linearly as the bulk tenq)erature of the fluid decreases. In addition, the 
velocity increases as a fimction of carbon number, but the magnitude of the increase decreases 
with increasing carbon number. 
(13) 
Table 2.2. Estimates of parameters necessary for modeling of ultrasonic systems. 
Definition Value System conditions Method of 
Determination 
Dependent Upon Reference 
w 
number of cavitation 
bubbles per unit time 
and liquid volume 
2.6 X 10'°l/^s 
aqueous solvent 
ultrasonic bath 
freq; 20 kHz 
model simulation po>ver input 
frequency 
vessel type 
position in vessel 
solvent 
dissolved gases 
Prasad Naidu et al. 
(1994) 
4x lO'l/^s organic solvent 
mixtures 
ultrasonic probe 
freq; 20 kHz 
chemical dosimeter 
reaction kinetics 
power input 
frequency 
solvent 
dissolved gases 
Suslick and 
Hammerton (1986) 
Pf final pressure 
(maximum produced 
^ collapsed bubble) 
78atm 
aqueous solvent 
ultrasonic bath 
freq; 20 kHz 
model simulation bubble contents 
bulk liquid temp. 
Prasad Naidu et al. 
(1994) 
Ro initial cavity size 2.0 ^m aqueous solvent 
ultrasonic bath 
freq: 20 kHz 
model simulation power input 
frequency 
Prasad Naidu et al. 
(1994) 
t. transient bubble 
collapse time 
3.5 fts aqueous solvent 
ultrasonic bath 
freq: 20 kHz 
model simulation Prasad Naidu et al. 
(1994) 
Tf 
final temperature 
(maximum produced 
by collapsed bubble) 
2064 K 
aqueous solvent 
ultrasonic bath 
freq: 20 kHz 
model simulation bubble contents 
bulk liquid temp. 
Prasad Naidu et al. 
(1994) 
VnJ 
microjet velocity 
(jet perpendicular to 
solid surface) 
100 m/s 
water microcinemagraphic 
sequences and flash 
microphotography 
Suslick et al, 
(1990a) 
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Table 23. Values giveii for the constant terms in Equation (12). 
Compound a c d e reference 
n-alkanes 1585.6 -2482.1 3.2594 7.4070 Wang and 
Nur (1991) 
1-aIkenes 1569.4 -2379.2 3.0804 8.8784 
The conq)ressional velocity of uhrasoimd in a hydrocaibon mixture can be determined 
from the siniple relation^i  ^(Wang and Nur, 1991) 
^mtxtme ~ 21 ^jV,- (14) 
1=1 
^ere Xi and v, are the volume firaction and pure conqionent velocity of the coiiq)onent in 
the mixture, respectively. 
b. Acoustic power measurement 
There are several methods available in the literature to detennine the power diss^ated 
(Pdiss) in a reaction mixture. However, many authors have not reported the acoustic power 
diss^ated in their reaction systems, maWing it difficult for fiiture researchers to reproduce 
results or coiiq>are reaction conditions. One of the most common approaches used to 
determine the ultrasonic power diss^ated in a reaction system is calorimetiy, which assumes 
that an of the energy delivered to the system is diss^ated as heat, as shown by 
Pdiss ~ ®^soIvent^p, solvent (1^) 
^ere msoivent and Cp, solvent are the mass and heat cq)acity of the solvent, re^ectively, and 
(dT/dt)  ^is the initial slope of the tenperature rise of the reaction mixture versus time of 
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exposme to ultrasoiiic irradiatiQiL The initial teiiq)erataie rise of the system is independent of 
the initial bulk Equid tenperature (below 40 °C), the height of the liquid in the vessel, and the 
homheigjit (see, e.g., Kimura etal, 1996; Ratoannoro etai, 1995a). 
When Hagenson and Doraiswamy (1997) used Equation (IS) to estimate the power 
dissipated in their reaction system, th  ^found it to be inadequate. It predicted that only 33% 
of the power delivered by the transducer was diss^ated as heat, which would indicate that the 
other 67% of the power was lost in the transfer process, or by other mieans. It was concluded 
that Equation (IS) needed to be modified to account for the heat absorbed by the reaction 
vessel as well as the solvent, as ^ own by 
^diss ~ (®^solvent^p,-s«rtv«it)  ^J (^ws*w) Pvessel^p,-vessel (1^) 
where Ty is the temperature of the imier vessel wall (refer to article for figure), Aws is the area 
of the wetted sur&ce of the vessel, and Xw is the thickness of the imier wall This provided a 
much more reasonable result. It was found that 51.5% of the power delivered by the probe 
was diss^ated as heat, more closefy agreeing with the manu&cturer's information. 
Other methods of determming the power disspated in a reaction system are by using 
chemical dosnneters, such as the generation of HNO3 firom NO3 in water (Koda et ai, 1996) 
and the Weissler reaction which measures the liberation of iodine firom potassium iodide. A 
recent con^aiison of calorimetry and the Weissler reaction as measures of ultrasonic power 
(Kimura et ai, 1996) showed that the two methods give similar predictions. 
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Hie losses in a ultrasonic system occur several dififerent ways. First, there is a loss of 
energy in the conversion of electrical energy to mechanical, or sound, energy. There are also 
losses by heat production, by the production of cavitation bubbles, and by sonohiminescence. 
There are losses from attenuation of enagy through the fluid, also called viscous diss^ation. 
In addition, anything added to the reactor, such as baffles, cooling coils, iiiq)ellers, solid 
particles, and the walls of the vessel themselves, will cause losses due to reflection, 
absorption, and sound re-emtssioiL 
c. Ultrasonic intensity 
The maxiimmi ultrasonic intensity (IMOX) IS related to the pressure aiiq)litude (PA) by the 
following equation 
p2 
I  = —^ fl7) 
2pC  ^  ^
wdiere p is the density of the litpiid medhim and C is the velocity of sound in that medium. 
The intensity (I) will decrease as the distance from the transmitting source (dx) increases, as 
sliownby 
l = <18) 
where a is the attenuation coefEldent of the medium 
When using a probe system, the intensity (Xiis) of ultrasound at the sur&ce of the 
ultrasonic device is equal to the power diss^ated (Pdiss) divided by the area of the probe 
(Ap), as shown by Equation (19), and is typically e7q>ressed in W/cm .^ 
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Idiss™ Pdis/Ap (19) 
The acoustic intensify can also be quantitativdiy detennined using a chemical dosimeter 
such the decon^osition ratio of 5,10,15,20-tetraki5(4-sii]fotophenyl) porphyrin (H2TPPS  ^
(Nomura e/a/., 1996). 
2.4 Applications in Organic Synthesis 
A significant amount of work has been pubfished concerning the sonochemical effect on 
varioiis ^ rstems in organic synthesis. Reviews of recent advances in organic synthesis were 
publi^ed by Bremner (1994) and Low (1992). Several books have chapters devoted to 
organic ^ thesis (see, e.g., Suslick, 1988; Ley and Low, 1989; Mason, 1990a,b; Price, 1992). 
Table 2.4 contains a representative list of organic reactions studied under the influence of 
iiltrasound. These reactions (homogeneous and het^ogeneous) are classified under the 
following heads; 
A. Ultrasound initiates reaction 
B. Ultrasound accel^ates the rate of reaction 
C. Ultrasound changes reaction pathway 
D. Ultrasoimd has little or no effect on reaction 
As is evident w&en reviewing the exanq)les given in the table, reactions following an ionic 
mechanism are often unaffected, or only sli^tfy affected, by ultrasound. In some cases 
ultrasound actualty changes the pathway of the reaction by &voring firee-radical mechanisms 
in reactions wiiich follow either an ionic or fiee-radical pathway, depending on the reaction 
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parameters. Sonochemical activation of chemical reactions (Le. the ''true" sonodiemical 
effects) occur if reactions requiring radicals or radical ion intermediates are key steps in the 
medumism (see, e.g., Luche, 1992). 
In addition to the reactions shown in Table 2.4, several oth  ^reactions have been 
investigated, such as: the esterification of several carboxylic adds (Khurana et al., 1990), the 
chemical alteration of aqueous polycycfic aromatic hydrocarbons (Wheat and Tumeo, 1997), 
and the production of aldehydes from olefins in the presence of a watra  ^soluble diodhimr 
containing catalyst system (Comils et al., 1986). While tlie high tenq)eratures created duiing 
cavitational inq)losions e?q)lain some of the bond cleavages observed as a result of sonicatioa, 
the role of transient high pressure, electron exchange, and stereochemical effects must be 
investigated in greater detail (Luche, 1996). The importance of electron exchange was 
recently undertaken by Takizawa et al. (1996) using the hydrox>dation of phenolic 
conqiounds. 
Ultrasound has also been foimd to be very usefiil in the degradation of contaminants in 
water (HofOnann et al., 1996) such as chlorofluorocaibons CFC 11 and CFC 13 (Cheung and 
Kurup, 1994); HCFC-225ca, HCFC-225cb and HFC-134a (BBrai et al., 1996); the pesticide 
parathion(Kotronaroue^a/., 1992a); sodium hypochlorite (Mason era/., 1996); 
pentachlorophenate (Petrier et al., 1992a) and/T-nitrophenol (Kotronarou et al., 1991). 
Sonication also led to the conq)lete destruction of aqueous solutions of chlorinated 
hydrocarbons such as methylene chloride, carbon tetradUoride, trichloroethylene, and a 1,1,1-
trichloroethane (Cheung et al., 1991; Toy et al., 1992 and 1990). 
Table 2.4. Representative list of organic synthetic reactions studied under the influence of ultrasound. 
Homogeneous Reactions: 
TYPE REACTION 
TRADITIONAL 
CONDITIONS 
ULTRASONIC 
CONDITIONS 
REFERENCE 
B Diels-Alder cyclization reaction 
ocui o o 
Solvent: toluene (benzene and methylene chloride are also investigated as 
solvents with different results) 
Other Diels-Alder cyclizations are reported 
Stirring 
Conditions not 
specified 
Rxntime: 35,0 hrs 
Yield: 77.9% 
Probe system 
Freq: 20 kHz 
Temp: 25 °C 
Rxn time: 3.5 hrs 
Yield: 97.3% 
Javed et al. 
(1995) 
D Acid catalyzed ketalization of acetophenone 
// \ APT8/CH,OH // \ 
^ ^CX:H3+ HC(OCH3b ^ ^(OCHsbCHj 
Follows an ionic mechanism 
Stirring 
Temp: 12 "C 
Rxntime; 30min 
Yield: 44% 
Rxn time: 3.5 hrs 
Yield: 94% 
Bath system 
Temp: 12 °C 
Rxn time; 30min 
Yield: 48% 
Rxn time: 3.5 hrs 
Yield: 94% 
Binhom et al 
(1990) 
B Oxidation of indane to indan-l-one 
KMnO^/^tSO^ IX )  ^ IX/ 
Stirring; 500 rpm 
Temp: 25 "C 
Press: 760torr 
Rxn time: 3 hrs 
Yield 5 27% 
koi„ = 5.i2x 10"'s"' 
Probe system 
Freq; 21.5 kHz 
Power*: 90 W 
Temp; 25 'C 
Press; 760torr 
Rxn time: 3 hrs 
Yield = 73% 
kob. = 2.96x 10-^s-' 
Cum et al, 
(1988) 
Table 4, continued. 
c Kornblum-Russell alkylation of nitronate anions 
W (Jb) (Jc) 
O.N-Q-P\ 
(•) m 
P) w 
V «.»-(>• - f ''»<y 
1 P) Bi • (') 
(«) («) m 
Ultrasound favored sequential electron transfer process over the polar 
(simultaneous bielectronic) mechanism 
Ratio of 7:3c reached a maximum with ultrasound power except in the case 
of standing waves, where the ratio continued to increase 
Stirring 
Product; 3b 
Probe system 
Pbwer; range of 0-
35000 
investigated 
Products: 7 and 3c 
in various ratios 
Effect of standing 
waves investigated 
and found to 
promote S^l 
pathway 
Dickens and 
Luche(1991) 
B Solvolysis of 2-chloro-2-methylpropane 
CHj CHj 
1 E10H/H20 1 
HjC —C —CHj ^ HjC —C —CHj 
CI OH 
Solvent; 30% ethanol (v/v) aqueous solution 
Temp; 0.5 ®C 
Conversion; 8S% 
kob.: 2.43 X lO"* s' 
Bath ^stem 
Freq; 80 kHz 
Power*; 100 W 
Temp: 0.5 °C 
Conversion; 85% 
kob.: 4.30 X 10"^ s ' 
Lorimer and 
Mason (1980) 
Table 4, continued. 
B Alkaline hydrolysis of nitrophenyl esters 
R C -0 ^-N02 RC02~+ 0-^ ^-N02 
Compound 1; R = CH3-
2: R = CH3CH2-
3: R = (CH3)2CH-
4; R = (CH3)jC-
Solvent: 60:40 (v/v) mixture of pH 8.0 THAM buffer and acetonitrile 
Stirring 
Conditions not given 
Bath system 
Freq: 20 kHz 
Temp: 35 "C 
~ 14.5% enhancement 
over stirring for all 
4 compounds 
Kristol el al. 
(1981) 
* Power rating quoted 
by the manufacturer 
Heterogeneous Reactions: 
TYPE REACTION 
TRADITIONAL 
CONDITIONS 
ULTRASONIC 
CONDITIONS 
REFERENCE 
B Synthesis of S,S-disubstituted hydantoins 
(Nn.).CO..N.CN R ^ ^ 
(1) II 
O 
In one case, when R=/T-ClCsHjCOMe, conventional conditions did not 
yield the desired product (2), but the use of ultrasound led to an isolated 
yield of (2) of 96% 
Stirring 
Several rxns studied 
(with different 
substrates): 
Rxn time: 4-26 hrs 
Temp: SS-TO-C 
Yield: 0-92% 
Bath system 
Same set of reactions 
studied 
Rxn time: 3 - 4.5 hrs 
Temp: 45-50''C 
Yield: 45-96% 
Lie/a/. (1996) 
Table 4, continued. 
B Epoxidation of long-chain unsaturated fatty esters 
CH3(CH2)7CH==CH(CH2)7C00CH3 » 
0„3,CH.ZWH.^00CH3 
MCPBA = m-chloroperoxybenzoic acid 
Also experimented with reagent MMPP (magnesium mono-
peroxyphthalate) in place of MCPBA 
Other examples of epoxidation reactions are given in article 
Stirring 
Conditions not 
specified 
Rxn time; 2 hrs 
Yield; 48% 
Probe system 
Freq; 20 kHz 
Temp; 20 °C 
Rxn time; IS min 
Yield: 92% 
Lie Ken Jie 
(1995) 
B Oxidation of arylalkanes 
CHj COjH 
aq. KMnO, ^ 
Solvent; water 
Other examples of oxidation reactions are given in article 
Stirring; 150 rpm 
Temp: 30-35 °C 
Rxn time; 4 hrs 
Yield; 12% 
Bath system 
Freq; 23 kHz 
Pdwer*; 120 W 
Temp: 30-35 "C 
Rxn time; 4 hrs 
Yield; 80% 
Soudagar and 
Samant (1995a) 
B Grignard reagent formation (several examples are given and different 
factors are varied and investigated) 
Tuulmets et al 
(1995) 
B Michael addition of nitroalkanes to monosubstituted a,p-unsaturated esters 
^ ^ 
COOCH, H»C ' 1 NO, H 
PTC; Aliquat®336 
Other examples of Michael addition reactions are given in article 
Temp; 40 "C 
Rxn time; 2 days 
Yield; 85% 
Bath system 
Freq: 60 kHz 
Power*: 80-160 W 
Temp; 25 "C 
Rxn time: 2 hrs 
Yield: 90% 
Jouglet et al. 
(1991) 
Note: several alber 
reactions arc givai 
in article 
Table 4, continued. 
B Permanganate oxidation of 2-octanol 
H 
CHjCCeHis » CHjCCeH, 
OH 0 
Solvent; hexane 
Other examples of reactions involving inorganic solids in organic solutions 
given in article 
Stirring 
Temp: SOT 
Rxn time; S hrs 
Yield; 3% 
Bath system 
Temp; 50 "C 
Rxn time; S hrs 
Yield; 93% 
Ando and 
Kimura(1990) 
B /er/-Butoxycarlx>nylation of amines from their salts 
R| R, 
\ . . NaHCOj, Ron \ 
N^I + A-BUO-C \O N-C-OlBu 
or 
Kf 
N-^H .HCl 
R/ 
16 BOC preparations reported 
Stirring 
Rxn time: >24 hrs 
Bath system 
Rxn time; l.S-6hrs 
Yield: >98% 
Solvent; Ethanol 
Also used methanol 
in some cases 
Einhorn et al. 
(1991) 
Use of ultrasound in the preparation of biologically active compounds Low (1995) 
B Synthesis of chalcones Claisen-Schmidt condensation 
ci-^^^-CHO + CHj-co-Ar ——• CI 
Solvent; ethanol (96%) 
Catalyst; activated barium hydroxide C-200 
Stirring 
Temp; 25 °C 
Rxn time; 60min 
Yield; 5% 
Catalyst wt; 1.0 g 
Bath system 
Temp; 25 "C 
Rxn time; lOmin 
Yield; 76% 
Catalyst wt; 0.1 g 
Puentes et al. 
(1987b) 
Table 4, continued. 
B The o-alkylation of 5-hydroxy chromones 
OH q OR o 
''^OjCHjCHj ^^OjCHaCHj 
RX = ben^l bromide 
Solvent: N-methylpyrrolidinone (NMP) 
Other examples are given in article 
Stirring 
Temp: 65 "C 
Rxn time: 105 min 
Yield: 48% 
Probe system 
Temp: 65 "C 
Rxn time; 60 min 
Yield: 79% 
Mason et at. 
(1990d) 
B Diels-Alder cycloaddition of o-quinone 
^ 4F^ o-QCI CU^ 
(A) 'V (•) 
Ultrasound increased yield of cycloadducts and improved regioselectivity 
Other examples are given in article 
Refluxing with 
benzene 
Yield of 
cycloadducts: 15% 
(A;B) = (1;1) 
System not specified 
Yield of 
cycloadducts: 76% 
(A:B) = (5:1) 
Lee and Snyder 
(1989) 
B Strecker synthesis of a-aminonitriles using an alumina support 
^~y<;HO + KCN + NH4CI • 
Support: AI2O3 (improves the selectivity of PhCH(CN)NH2) 
Solvent: acetonitrile 
Other examples of Strecker synthesis are given in article 
Stirring 
Temp: 50 "C 
Rxn time: 24hrs 
Yield: 64% 
Bath system 
Freq: 45 kHz 
Power*: 100 W 
Temp: 50 °C 
Rxn time: 24hrs 
Yield: 90% 
Hanafusa et al. 
(1987), see also 
Menendez et al, 
(1986) 
Table 4, continued. 
B Preparation of tricydohexylborane by hydroboration 
Solvent: tetrahydroftiran (THF) 
Stirring 
Temp: 25 °C 
Rxn time: 24 hrs 
Bath system 
Freq: 50 kHz 
Power*; 150 W 
Temp: 25 "C 
Rxn time: I hr 
Lindley and 
Mason (1987b) 
Note; sevaol other 
rcactioDS are gjvA 
in article 
B Ullmann coupling of 2-iodonitrobenzene 
NO9 NOo 
(5 — 
O2N 
Mole ratio of Cu / substrate = 4 
Copper powder presonicated for IS minutes 
Stirring 
Temp: 63 ± 1 "C 
Rxn time: 2 hrs 
Yield < 1.5% 
Microtip probe system 
Freq; 20 kHz 
Power*: 135 W 
Temp: 63 ± 1 "C 
Rxn time: 2 hrs 
Yield: 70.4% 
Lindley et al. 
(1987a) 
B Barbier reaction; retention of optical activity from S(+) 2-octyl halides 
r 
n-CsHis^H, 
R(^) 
n-CeH„^^H3 J 
[ yi 
Solvent: tetrahydrofiiran (THF) 
Other examples are given in the article with CI or I as the halide 
Stirring 
Temp: CC 
Rxn time: 7 hrs 
Yield: 50% 
Configuration; 
R(+) 
%e.e: 6 
Probe system 
Temp: CC 
Rxn time; SOmin 
Yield; 59% 
Configuration: R(+) 
%e.e: 10 
de Souza-
Barboza et al 
(1987), see also 
de Souza-
Barboza et al 
(1988) 
Table 4, continued. 
B Selective reduction of a, p-unsaturated carbonyl compounds in the presence 
ofZn-NiCli 
Solvent; Ethanol and water 
Nine other examples are given in the article 
Stirring 
Rxn time; 48 hrs 
Conv; 62% 
System conditions not 
specified 
Rxn time; 2.3 hrs 
Conv; 97% 
Petrier and 
Luche(1987a) 
B,D Acyloin condensation and cyclization of carboxylic esters 
(13 examples given in article) 
Padel et al. 
(1990) 
A Reduction of methoxyaminosilane 
/~V/OOM. LIAIH. ^ 
Solvent: pentane 
Stirring 
No reaction Bath ^stem Temp; 33 "C 
Rxn time; 3 hrs 
Yield: 100% 
Bremner 
(1986) 
B Synthesis of aldehydes from olefins and CO/H2 using a water-soluble 
rhodium-containing catalyst 
U.S. patented process Comils et al. 
(1986) 
B Platinum catalyzed hydrosilation of alkenes 
HSICIj + n-C^HjCH-CHj ^ n-CjHijSiCIa 
Other examples of hydrosilation reactions are reported 
No reactions are 
given for direct 
comparison Wagner 
and Strother (1953) 
have performed 
these types of 
reactions at 43-1 IS 
psi and 100- 300 "C 
Bath system 
Temp; ~30''C 
Pressure; 
atmospheric 
Rxn time; 1 hr 
Han and 
Boudjouk 
(1983) 
Table 4, continued. 
c Change in pathway from the Friedel-Crafts reactions to nucleophilic 
substitution 
\ / \ / Mechanical VJH, 
agitation \ / ® 
(yn  ^. (yn, 
Stirring 
Temp: 50'C 
Product: o-andp-
benzyltoluene 
Yield: 75% 
Bath system 
Freq: 45 kHz 
Power*: 200 W 
Product; benzyl 
cynanide 
Yield: 71% 
Ando et al. 
(1984) 
B Reformatsky reaction 
0 HO oh^COjCHJCHJ 
O * ^ o 
Various solvents and types of zinc powders were tested 
Other examples of Reformatsl^  reaction are given in article 
Stirring 
Temp: 80 °C 
Rxntime: 12hrs 
Yield: 50% 
Bath system 
Freq: 50/60 Hz 
Power*: 150 W 
Temp: 25-30'C 
Rxntime; 30min 
Yield: 98% 
Han and 
Boudjouk 
(1982), see 
also Boudjouk 
and Han 
(1984) 
B Aromatic carboxylic acid ester saponification 
Increased the yield or obtained similar yields to stirring in shorter reaction 
times 
Reflux 
Rxntime: 90min 
Probe system 
Freq: 20 kHz 
Rxntime; lOmin 
Moon et al. 
(1979), Moon 
(1987) 
• Power rating quoted 
by the manufacturer 
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2.4.1 Homogeneous systems 
a. Aqueous ^ sterns 
The use of ultrasound in aqueous sofaitians leads to the sonofysis of the con^onents of the 
solution, such as in the case of water ifdiere H2O -> OH* + H* (see, e.g., Henglem, 1987 and 
1985). The free radicals in these solutions have been detected by spin trying and ESR 
measurements (Riesz et al, 1990; Kridma et al, 1987; Mankino et al, 1982 and 1983; 
Henglein and Komumn, 1985), a terephthalate dosimeter (see, e.g.. Fang et al., 1996), and a 
Fricke solution dosimeter (see, e.g., Jaua and Chattegee, 1995). Ih addition, the mechanism 
of radical formation has been investigated using isotopic techniques (see, e.g., Fi^ er et al., 
1986). Sonolysis of aqueous mixtures will be discussed in greater detail in Section 2.7. 
b. Organic systems 
As in the case of aqueous systems, the enhancmg effects of ultrasound are not directfy 
related to its thermal effects, but are instead a result of acceleration of the single electron 
transfer process. This step is required as an initial step in several reactions, such as 
cycloadditions involving carbodienes and heterodienes (Nebois et al., 1996). In the cases 
where the reaction mechanism did not seem to require an SET step, ultrasound was found to 
have little or no ^ ect on the reaction. It has also been found that adjusting the system to 
obtain standing waves has the &vorable result of increasmg a sequoitial electron transfo: 
process and promoting it over a bielectronic mechanism (Dickens and Luche, 1991). 
The degradation of CCI4 was investigated in a variety of organic alcohols at two different 
frequencies, 20 kHz and 500 kHz (Petrier et al., 1994). For each alcohol (methanol, butanol. 
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and 1,2-ethanediol) the late constant for degradation was higher for 20 kHz than for 500 kHz. 
However, the magnitude of the difference was soivoit dependent, with the largest difference 
with butanol and the smallest with 1,2-ethanedioL The reaction was also found to be &ster in 
the presence of argon, as con^ared to the rate in the presence of oxygen. 
2.4  ^ Heterogeneous systems 
a. Liquid-liquid systems 
Ultrasound forms very fine emulsions in systems with two immiscible liquids, vs^ch is very 
beneficial wdien working with phase transfer cata^rzed or b^hasic ^ ^ems (as will be 
discussed in Sections 2.6.1 and 2.6.2), When very fine emulsions are formed, the sur&ce area 
available for reaction between the two phases is significant  ^increased, thus mcreasing the 
rate of the reaction. This aspect of ultrasound has also been used for coal, oil and water 
mixtures to increase the efGidency of combustion, as well as decrease the amount of pollutants 
produced during the combustion process (Dooher et al., 1980). 
b. Liquid-solid systans 
The most pertinent effects of ultrasound on liquid-solid ^ stems are mechanical, and are 
attributed to symmetric and asymmetric ca '^itation. When a bubble is able to collapse 
symmetrically, localized areas of high ten^eratures and pressures are generated in the fluid. 
In addition, shock waves are produced which have the potential of creating microscopic 
turbulence within intei&cial filmg surrounding nearby solid particles, also referred to as 
microstreaming (Elder, 1959). This phenomena increases the transfer of mass across the film. 
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thus increasmg the intrinsic mass transfer coefficient, as well as possibfy thinning the film 
Hagenson and Doraiswamy (1997) obtained evidence of a 2 fold increase in intrinsic mass 
transfer coefficient when modelmg experimental data obtained for the synthesis of dibenzyl 
sulfide in the presence and absence ultrasound. 
The shock waves produced by cavitation bubbles also increase the momentum of sofid 
powders in solution, causmg them to collide with such force that they fracture, leading to an 
overall decrease in the average particle size of inorganic solids. The particle size of inorganic 
solid KOH was reduced firom its initial size of240 ^ m to 15-20 pm within S minutes of 
sonication (Ratoarinoro et aL, 1992). Hiagenson and Doraiswamy (1997) confirmed this trend 
when working with sodium sulfide (Na2S). The particle size was reduced firom an average 
initial size of 34 pm to 15 - 20 ^m within 15 minutes, as shown in Figure 2.1. Figure 2.2 
^ows the histogram of the particle distribution, which is highfy skewed to the light at lower 
sonication time, but becomes narrower as the e7q)osure time is increased. 
The effect of ultrasound on the particle size reduction of the inorganic particles TaSi and 
M0O3 has also been investigated (Suslick et al., 1987). The powders had an initial size 
distribution of60 - 90 pm and, with sonication, were reduced to the size range of 5 to 10 pm. 
It may be possible to explain the nrinimnm particle size 5 to 15 ^m with the following rational: 
first, as the particle size decreases, the momentum of the particle generated by nearby 
shockwaves also decreases. At some point, Le. some minimum particle size, the particles 
become too "small to iiiq)act one another with the force required to cause particle 
fi:agmentation. The minimum size of particle obtained appears to dqiend upon the 
characteristics of the inorganic solid, the solvent, and the intensity of ultrasound in the system. 
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TmeCmai) 
• Stirnoixn 
# Stirnm 
A US: no nm 
• US: IXD 
Figure 2.1. Particle degradation of Na2S in the presence and absence of ultrasound 
with and without reaction (Hagenson and Doraiswamy, 1997). 
140 -r 
100 •• 
• 1 min US vith reaction 
• 3 min US with reaction 
pis min US with reaction 
4l_4-- !• m 
Paitide Dianieter (^m) 
Figure 2.2. Histogram of average diameter data for samples of Na2S in the presence of 
ultrasound (Hagenson and Doraiswamy, 1997). 
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When the bubble is coll^sing near a soHd sur&ce which is several orders of magnitude 
larger than the cavitating bubble, Le. a sur&ce greater than 200 |jin in diameter \\^en 
operating at 20 kHz as esdnoated by Susiick et al. (1990), symmetric cavitation is hindered 
and collapse occurs asymmetiicalfy (Neppiras, 1980). As the bubble collapses, microjets of 
solvent are formed perpendicular to the solid sur&ce. These microjets lead to pitting and 
erosion of the sur&ce, in addition to the well-known cleaning effects associated with 
ultrasound. This behavior leads to the enhancement of some heterogeneous reactions, such as 
the synthesis of silanes or organosilicon halides using magneshim hydride particles in a liquid 
medium. Li this particular exan^le, ultrasound &cifitates the reaction by removing sur&ce 
inhibiting halides from the magnesium particles, thus increasing their reactivity (Klein et al., 
1995). 
Ultrasoimd can also be used to activate a solid. For exanq>le, zmc has been successful  ^
activated for the promotion of the Simmons-Smith cyclopropanation of olefins (Repic and 
Vogt, 1982). Possible mechanisms behind the activation of different metal sur&ces have been 
investigated in terms of the mechanical properties of the passivating surfece layer and the 
passivated metal (Luche, 1994). There is a Hmif to the inq)urities ultrasound can remove, as 
foimd by Hagenson and Doraiswan r^ (1997). When investigating the solid phase reaction of 
benzyl chloride and sodium sulfide, ultrasound was not successfiil in removing the product 
layer, NaCl, firom the sur&ce of the unreacted solid, NazS. This product layer was re^onsible 
for limiting the rate of the reaction. Unfortunately, the amount of work done on the effect of 
ultrasound on inorganic inq)urides and sur&ce layers is very 
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Metal powders 
Metal powders behave dififerentfy fiom inorganic particles when ^ osed sonication. 
While inorganic particles are degraded in the presence of ultrasoimd, metalKc particles 
decrease in size and then tend to agglomerate with prolonged sonication (see, e.g., Doktycz 
and SusUck, 1990). Using a scanning electron microscope, Doktycz and Suslick (1990) 
studied the agglomeration of several different metals \^Mch were ~ 10 pm in diameter. The 
only metal they tested which did not fiise was tungsten, with a melting point of 3410 °C. 
From this they concluded that the mayimmti collision ten^erature reached during sonication is 
less than 3410 °C. The sur&ces of the particles also became very smooth over time (see, e.g., 
Suslick and Casadonte, 1987). From an independent e^qieriment, they estimated the impact 
velocities of these small metal particles as 100 - 500 m/s. Suslick's hypothesis that the 
metallic particles were fiismg as a result of collisions has been discredited by Margulis (1992), 
\\^o contends that the particles would have to travel at ^ eeds much higiher than that of sound 
in fiquids, w^ch is ~ 1500 m/s. 
Ultrasound has been found to successfiilfy promote the reduction of metal ions in aqueous 
solutions of noble metals such as Ag, Pd, Au, Pt, and Rh in the presence of a stabilizer, 
producing stable, nanometer sized metal particles (Okitsu et al., 1996). The atoms 
req>onsible for the reduction ofthe noble metals may be formed three ways; (1) bysonolysis 
of water, forming H*; (2) by hydrogen abstraction of RH molecules, forming R*; and (3) by 
pyrolysis of RH molecules during bubble collapse, forming H* or R*. 
Extremely reactive metals such as lithium, magnesium, zinc and aluminum are commonly 
not used as catafysts because they are prone to deactivation due to the formation of coatings 
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on the metal sui&ce in the presence of water or oxygOL Ultrasomid has been shown to 
remove these coatings, making the metals viable candidates for cata^ .^ For exan^>le, 
ultrasGimd increases the catalytic activity of M powder by more than 10  ^(Suslick and 
Casadonte, 1987). This dramatic increase is attributed the redaction of the sur&ce oxide layer 
covering the particles, as well as changes in sur&ce morphology and the sweeping action of 
ultrasound. Several reactions carried out in the presence of lithium wire were also accelerated 
using ultrasound, such as the coi^ling of heteroaryl hafides to form isomeric bipyridines 
(Osborne et al., 1989) and the coiq>ling of organic hafides (Han and Boudjouk, 1981). In 
addition, ultrasound also activates transition-metal salts, enabling the reaction to be carried 
out at much milder conditions. For exan^le, the traditional conditions used to synthesize the 
carbonyl anions, \\diich are required to produce V(C0)6', are 160 °C and 200 atm CO, phis the 
addition of the catalyst Fe(CO)s. However, with ^ osure to ultrasound, the same yield of 
V(C0)6' can be obtained at 10 °C and 4.4 atm of CO, without the use of the catalyst (Suslick 
and Johnson, 1984). 
Solid catalysts 
When the solid present in the niediiini acts as a catafyst, ultrasound can significantly 
influence the chemistry occuning within the systemL The intensity of ultrasound can alter the 
stereoselectivity of a particular reaction, as observed in the case of the cyclization of the 
tetracyclic 19-iodotabersonine to the vindoMe epimers (Luche et al., 1990b). It was 
determined that ultrasound affected the desorption of the radical anion firom the metal sur&ce. 
When the intensity of the ukrasoimd was low, as in the case of the ultrasonic bath system, the 
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desoiption of the anion was slower and the stereosdectivity of the product was controlled by 
the absorption of the substrate. However, w4ien the sound intensity was high, as in the case of 
the probe system, the desoiption process was accelerated and the cyclization process occurred 
in the liquid phase, thus leading to lower stereoselectivity. 
2.4  ^ Effects on chemical bonding 
Ih several reaction systems, ultrasoimd does not affect the crystalline structure of solids 
present in the system (see, e.g., Ando et al.^  1985; Hagenson and Doraiswamy, 1997), but it 
does affect the crystal formation of reaction products. In the presence of ultrasound an 
amorphous phase of palladium was synthesized by sonicating a mixture of palladium 
acetylactonate and toluene (Diodati et al., 1997). The disordered phase of palladium had the 
same X-ray difGraction q)ectra as crystalline Pd, indicating that it was indeed a disordered 
phase of Pd and not a Pd-based conqiound such as PdH or PdO. The phase became 
increasmgly disordered as the concentration of palladium acetylactonate in toluene increased. 
However, it geared to be independent of acoustic power. 
It has also been found that ultrasound affects the normal bonding of water contained within 
an ammonium alum crystal lattice (Homer et al., 1995). Using NMR, it was detected that the 
water moves through the lattice when und  ^the influence of sonication, and retums to its 
equiEbrium sites \^en the ultrasound is removed. During sonication this mobility actualty 
alters the normal melting point of the crystal, as was in the case of ammonium and potasshmi 
alums. It is speculated that ultrasound may affect other normal melting points of crystals 
which contain water within their crystalline lattice. 
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Daring investigations focused on the diversion of metal powers in the presence of 
ultrasound, the ease of diq>ersion of the powder in a particular solvent was found to increase 
as the lattice energy of that metal decreased (Luche et al., 1987b). For ^ canple, lithium could 
not be di^ersed in tohiene because the lattice energy of the metal was greater than the energy 
fiberated by the cavitating solvent. 
2.4.4 Modeling 
Modeling the effects of ultrasound in a heterogeneous systems involves extremely 
complicated and intensive modeling efforts. Several authors have tackled segments of the 
modeling problem The absorption of ultrasoimd in liquids containing clusters of molecules 
has been modeled by Lewis et al. (1991). The propagation of ultrasonic waves in suspensions 
and emulsions has been modeled by Ahuja (1973 and 1972) and Megra et al. (1972), with the 
effect of particle shape and orientation considered by Ahuja and Hendee (1978), and the 
scattering effects of microparticles considered by Edwards and Jar^oisld (1983). 
Greenwood et al. (1993) carried out modeling simulations which indicated that each particle 
in the shiny acts independent .^ Their experiments were conducted using a submersible 
transducer in the frequency range of 0.5 - 3.0 MH  ^ The effects of fluid viscosity, thermal 
properties of the ^ stem, concentration, densily and elastic modulus differences between the 
soUd and liquid were modeled by Harker and Tenq)le (1988). MuMcomponent, reacting 
liquid mixtures were modeled by MarguHes and Schwarz (1985) using a hydroacoustic theory. 
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2.5 Other Applications 
2.5.1 OrganometaOic chemistry 
Table 2.5 Usts a number of organometallic reactions that have been investigated under the 
influence of ultrasound. Please refer to the review by Luche et al. (1987b) and the books by 
Price (1992), Mason (1990a), Ley and Low (1989) and Suslick (1988) for more information 
on organometalHc chemistry. 
Table 2.5. Onianometallic leactions. 
Reaction Type Effect of ultrasound Reference 
Reduction of hexacyano&iTate 
(m) l^ thiosul&te ions mediated 
byRuOi'xHaO 
Activation energy decreased firom 
20±1 kJ/mol to 18±1 kJ/mol with 
exposure to ultrasound 
Mills era/. (1995) 
Hydrostannation of several 
different substrates with PhsSnH 
Rate enhancements of 100 to 600 
times over traditional methods 
Nakamura et al. (1989) 
Synthesis of trioiganylboranes Increased yield and reduced 
reaction time 
Brown and Racherla (1985) 
Formation of iron^hromium 
catalyst (Fe20rCr2Q3) 
Obtained catalyst of high quality Romenskii et al. (1985) 
Synthesis of Tc-
allyltricarbonyliron complexes 
Horton et al. (1984) 
Effect on ligand substitution of 
metal carboi^ ls 
Rates were first order in metal 
carboityl concentration and were 
independent of ligand 
concentration 
Suslick et al. (1983b); Suslick 
and Schubert (1983); Suslick et 
al (1981) 
Formation of lithium 
organometallic reagents 
Greatly increased the rates and 
yields of reactions 
In some cases it even suppressed 
the formation of side reactions 
such as reductions and 
enolization 
Luche and Damiano (1980) 
Oxidation of aerated aqueous 
Fe  ^solutions in the presence of 
aliphatic alcohols 
Oxidation increased in the order 
ofMeOH<EtOH<n-PrOH<«-
BuOH 
Sehgal et al. (1980) 
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2^  ^Polymerization 
Reviews and books available in the literatare concenung the use of ultrasound in 
polymerization processes inchide Price (1996), Urban and Salazar-Rojas (1988), Lorimer and 
Mason (1987), Mason (1990a,b) and Price (1992). Ih general, ultrasound accelerates the rates 
of polymerization and copolymerization, and in some cases, eliminates the need for an 
initiator. Ultrasoimd also accelerates emulsion polymerization, due to its ability to create fine 
emulsions (re&r to Section IAJIm), and su^ension polymedzation (Hatate et al., 1981), 
because of its prevention of agglomeration between monomer droplets with each other and 
with the reactor wall The actual mechanism of polymerization in the presence of ultrasound is 
very con^)lex because, in addition to combination of radicals with the primary polymer chain, 
existing molecules are fractured within the cavities and may combine with other molecules 
(see, e.g.. Price et al., 1990). 
The copolymerization of sodium styrene suj^honate and vinyl pyrrolidone in an aqueous 
system was investigated at 3 different frequencies (20,40 and 540 kHz) and at various 
acoustic intensities (Koda et al., 1996). It was found that the rate of po^merization increased 
with intensity at 20 and 40 kEiz, but was independent of intensity at 540 kHz. The highest 
conversions were obtained at 40 kElz, wdien the reaction rate was approximate  ^twice as &st 
as the rate at 20 kHz. The kinetic model of Kruus and Patrabody (1985) was used to e}q)lain 
their e?qperimaital data. 
Usmg a high power ultrasonic probe system, the pofymerization of a pure vinyl monomer, 
methyl methacrylate, was carried out without the use of an initiator (Kruus and Patraboy, 
1985). The rate of pofymeiization was proportional to the square root of intensity. A 
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pofymer with an average molecular weight of400,000 g/mol was obtained and a reaction 
mechanism was peculated >^ch appeared to 0q>lain the eTqierimental observations and 
produce rate constants of pofymerization coiiq>arable to literature values. 
The polymerization of poly(vin)i pyrroHdone) (PVP) was initiated from the sonication of 
vinyl pyrroHdone monomer at frequencies of 20 and 40 kHz, without the need for a catalyst 
(Koda et al., 1995). However, polymerization did not occur at 540 kHz. It was also found 
that, at the lower frequencies, the yield of PVP increased linearly with sonication time, but 
was terminated immediate  ^after irradiation was discontinued. Thus, sonication was required 
for the initiation and maintenance of the polymerization reaction. 
When investigating the copolymer obtained from the reaction of acrylic add and maleic 
anhydride, Lorimer and Mason (1995) found that ultrasoimd enhanced the chemical structure 
of the copofymer by changing the sequence length from 3 to 2, making the copolymer product 
50% more ef&dent for the chelation of Ca  ^ions. In addition, they found that ultrasound was 
useful in increasmg the conversion of reactants, while simultaneous  ^degrading the polymer 
chain. This produced a polymer with a distribution of molecular weights which was narrower 
than obtained by traditional methods. Th  ^show that the degradation rate of the polymer can 
be detennined as a function of sonication time (see also, Portenlanger and Heusinger, 1994) 
and power, and then used as a beneficial method to predict the mass % of the polymer chain. 
2.53 Biotechnology 
The use of ultrasound in the field of biotechnology has been investigated extensively (e.g. 
Sinisterra, 1992; Price, 1992; Sushck, 1988). and Low (1989) have a chapter based on 
54 
enzyme-catalyzed reactions in the presence of ultrasomid. Iiqportant findings in the field 
include the use of ultrasound to synthesize N-acetjdamino adds firom the amino adds and 
acetic anhydride without racemization (Veera Reedy and Ravindraoath, 1992a). This reaction 
was later advantageous  ^incoiporated as a synthesis step in the production of a-, 3- and 
cycfic q)agtumic adds (Veera Reedy and Ravindranath, 1992b). 
2.5.4 Medicinal uses 
A number of publications and patents are available concerning the use of ultrasound for 
medidnal purposes. As discussed previously, ultrasound promotes the production of free-
radicals in a given solvent Similar ,^ continuous, 1 MEiz, 1 W/crn  ^sonication enhanced the 
hydroxyl radical production of two anti-cancer drugs, adriamydn and mitomydn C (Tata et 
ai, 1996). It was peculated that the enhancement of these redox cycling drugs occurs 
according to Fenton's pathway. Exposure to ultrasound for 30 minutes did not alter the 
chemical structure of the drugs. 
Ultrasomid was also usefiil to a patented process in \^ch pharmaceuticals were delivered 
to the body from performed porous polymeric microparticles (Supersaxo and Kou, 1995). 
These microparticles release low levels of a particular drug for prolonged periods of time, 
providing iq) to 30 days of controlled release. The release rate could be increased, by up to 
three orders of magnitude, upon exposure to ultrasound. In the absence of irradiation, the 
release rates retumed to the presonicated levels. It was the authors hope that ultrasound 
could be used to deliver high doses of drugs, \^&en needed, wMe continually maintaining the 
lower dosages in its absence. 
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2.6 Ultrasound in Conjimctioii with Other Enhancement Techniques 
2.6.1 Phase transfer catalysis 
Several authors have combined the use of ultrasound and phase transfer catalysts (PTC). 
These two enhancement techniques complement one another greatfy \\dien they are used for 
polyphase reactions because ultrasound has the ability to form fne emulsions between liquid-
liquid phases, thereby increasmg the inter&dal area available for reaction. A PTC bridges the 
barrier between the aqueous and organic phases and &ci]itates the reaction between them 
Hagenson et al. (1994) studied these combined enhancement tedmiques for the synthesis of 
diben  ^sulfide firom benzyl chloride and sodium sulfide. They found that after approximately 
4 minutes of reaction, the conversion of benzyl chloride was enhanced by a &ctor of 1.5 in the 
presence of ultrasound alone, 5.9 in the presence 0.4% wA  ^of the PTC tetrabutylammonium 
bromide (TBAB), and 6.5% in the presence of both PTC and ultrasound, as shown in Figure 
2.3. As is evident for this particular reaction, the use of ultrasound alone is not adequate to 
obtain a high yield of dibenzyl sulfide. The catalyst is required to assist with the ion exdiange 
reaction between the ^ aringly soluble Na2S and the organic fiqiiid reactant ben  ^chloride. 
However, ultrasound enhances the reaction even fiirther through medianical ^ ects such as 
particle size degradation, \^Mch increases the sur&ce area available for reaction, and the 
^dlitation of mass transfer through the solid-liquid fifan (Hagenson and Doraiswamy, 1997). 
The preparation of triazacyclo conq>ounds in the presence of ultrasound and the PTC 
BU4NOH was investigated by Madison et al. (1994). After 5 hours of reaction time, the 
conversion of ethylene glycol ditosylate to l,4,7-trito^l-l,4,7-triazacyclononane 
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figure 2.3. The use of FTC, nltrasound, and the combmation on the conversion of 
ben^l chloride for the synthesis of dibens^l sulfide (Hagenson et aL, 1994). 
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figure 2.4. Use of ultrasound and the combination of FTC and ultrasound on the 
synthesis of T0S3TACN (Mason et al.^  1994). 
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Table 2.6. Reactions which have invest^ated using FTC, altrasound and/or 
combinations of the two enhancement tedunqnes. 
Reaction Type Effect of ultrasound Reference 
Enhancemeot of the CarmiTTaro 
reaction 
Found benz^trieti^ ammonium 
chloride (TEBA) to be the most 
effective PTC 
Polackovaef a/. (1996) 
Hydrolysis cf 2,4-dichloropheiiyl 
beozoate 
Enhanced the reaction overno 
catalyst, but the FTC cetyl 
trimethyl anmionium br^de 
was required fi}r significant 
enhancement 
Shirgaonkar and Pandit (1996) 
Synthesis of dibenzyl sulfide Ultrasound accelerated the 
reaction over stirring alone, but 
the FTC tetrabutyl ammtmium 
bromide (TBAB) was required 
for substjmtial enhancement 
Hagenson et cd. (1994) 
Preparation of triazacyclo 
compounds 
After S hours both ultrasound 
and the FTC BU4NOH led similar 
yields 
Mason et al. (1994) 
P-Elimination reactions: 
Synthesis of cyclic ketene acetals 
Greatly enhanced reaction vdien 
combined with FTC tetrabutyl 
ammonium bromide (TBAB) 
No additional solvent was 
required 
Diez-Barra et al. (1992) 
Dialkylation and 
cyclodialkylation of ethyl 
cyanoacetate 
Increased reaction rate and yield Lin a/. (1991) 
o-Alkylation of 5-hydroxy 
chromone derivatives with allg l^ 
bromides 
Use of sorucation with n-methyl 
pyrrolidionone at lower reaction 
times and temperatures or use of 
FTC (Aliquat 336) with no 
solvent gave comparable yields 
Mason et al. (1990c) 
Synthesis ofRCN compounds 
from RBr and KCN supported on 
alumina 
Ultrasound enhanced the reaction 
over either of the 2 FTCs used: 
18-crown-6 andtetrabutyl 
ammonium chloride 
Ando et al. (1984b) 
Synthesis of silicon containing 
azihdines from 
dichlorocarbamates and viiqd- or 
allyisilanes with subsequent 
reduction and cyclization 
The use of FTC or ultrasound 
resulted in comparable 
enhancements of ~ 1 order of 
magnifiiriA over traditional 
methods 
Lukevicse/a/. (1984) 
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(TossTACN) increased from 6.1% iwith BU4NOH alone to 73% with both sonication and 
PTC. However, the authors did not draw attention to one important detail, \^dudl is apparent 
when gr^hing the e^qpenmental data provided in their article, and shown in Figure 2.4. When 
ultrasound is used in combination with PTC, the reaction rate is initia% mudi greater than 
when ultrasound is used alone. However, with continued reaction time, the conversion ia the 
case of ultrasoimd alone matdies the conversion of US + PTC. Thus, \^^en attotopting to use 
a variety of aohancement techniques, preliminary rate data may give a good indication of 
whether or not several techniques are required. One technique alone may be sufficient and 
give coniparable conversions without the costly separation processes required with the 
addition of a separate catalyst Table 2.6 provides exanqjles of other reactions which have 
been investigated combining the enhancement techniques of ultrasound and phase transfer 
catalysis. 
2.6  ^ Biphasing 
Biphasing is the addition of an immiscible phase to the traditional reaction mixture in order 
to increase the yield of desired product by shifting the thermodynamic equilibrium in the 
direction of the reactants. The ability of ultrasound to create fine emulsions is, thus, very 
beneficial to b^hasic systems. For exan^le, it has been used successfiiify for the oxidation of 
secondary alcohols with sodium bromate in an aqueous-CCU b^hasic system mediated by 
ruthenium tetraoxide (Mills and Holland, 1995). For each of the four alcohols investigated, 
the reaction time was decreased fiom several hours to several minutes, and the yield of ketone 
in each case was 100% wiien ultrasound was used in conjunction with supplementary stirring. 
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The significant increase in reaction kinetics due to ultrasound was attributed primarily to the 
increased intei&cial area available for reaction. The production of chloropropionamide in the 
b^hasic system of water and 3-chloropropiQiiitiile was also investigated in the presence of 
ultrasound (Faihat and Berchiesi, 1992). Ultrasound did not appear to affect the Cl-C bond. 
2.6Ji Surfactants 
The addition of sur&ctants to ultrasonic systems inhibits the production of H2O2, when 
con^ared to the sonolysis of nonsur&ctant solutes (Alegria et al., 1989). Three sui&ctants 
were examined; sodium dodecyl sul&te, dodec)dtrimeth>dammonium bromide, and n-octyl-P-
D-ghicopyranoside (OGP). All three appeared to localize at the gas-liquid inter&ce of the 
cavitation bubble. 
2.6.4 Photolysis 
The rate of decon^osition of aqueous 1,1,1-trichloroethane was higher in the presence of 
both photolysis and sonolysis when con^pared to the use of either technique alone (Toy et al., 
1990). When both techniques were used simultaneously, the authors referred to the process 
as '^ photosonochemical". 
It was also found that the rate of photofysis declorination of wastewater, which contained 
polychlorob^henyls (PCB's), was greatfy enhanced \\^en ultrasound was used m conjunction 
with the photoactive material Ti02, as conq)ared to the use of TIO2 alone (Mason, 1992a). 
The enhancement was attributed to the mechanical effects of ultrasound, such as particle 
degradation, sur&ce cleaning, and increase mass tranqiort. 
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2.7 Kinetic Analysis 
2.7.1 Reaction zones 
EPR and spin trapping studies of volatile and non-volatile solutes have provided evidence 
of three regions of sonochendcal activity (Le. three reaction zones) in sonicated systems 
(Riesz et al., 1990). The three reaction zones, ^ own in Figure 2.5, are: Zone 1. The 
gaseous region of the cavitation bubble containing both permanent-gas and v^orized reaction 
mixture; Zone 2. The gas-Hquid intei&ce containing less-volatile reaction corqponents and 
sur&ctant (if present in the reaction system); and Zone 3. The bulk liquid phase. The 
magnitude of reaction occurring in each zone d^ends on the ultrasonic conditions, such as 
the frequency, and on the characteristics of the reaction system, sudi as the volatility of the 
con:q)onents involved. \^^thin the gaseous region (Zone 1), volatile solutes and solvent are 
exposed to extreme temperatures and pressures upon cavitation, resulting in breakage of the 
molecules conq>arable to pyrolysis reactions following the Rice-Herzfeld mechanism (^Gs^k 
Zone 3 
Bulk liquid 
phase Zone 2 
Gas-Hquid inteifiice 
Figure 2.5. Three reaction zones of sonochemicai reactions. 
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and Riesz, 1996a; SusUck et cd., 1983a). It was estimated that approximate  ^10% of the OH 
and H radicals generated in tUs region of the cavitation bubble esci^e to the bulk liquid (Zone 
3) (Henglein, 1995). It was also found that sup^oxide anion radicals ( OJ') were produced 
during the sonolysis of argon saturated aqueous solutions (Kondo et al., 1996). 
Estimates of the relative sizes of the reaction zones and the effective temperature in each 
zone have been made by Suslick and Hammerton (1986) and are described in the following 
section. Reactions with non-volatile solutes occur primarily in the inter&dal region or in the 
bulk liquid phase (Sehgal et al., 1982). As discussed in Section Segal and Wang 
(1981) peculated that the degradation of thymine, a confound of low volatility, occurs in the 
inter&dal region. These findings were confirmed by Kondo et al (1988) \^o found thymine 
radicals in both the bulk solution and inter&dal region of the cavitation bubble. It was 
peculated that at low concentrations of non-volatile solute, the reactions which occur involve 
primarily secondary radical reaction, Le. scavenging of H* and OH* radicals. While at high 
concentration of solute, pyrofysis of the solute occurs (Kondo et al, 1989a). However, both 
mechanisms may be occurring simultaneous  ^at all concentrations of solute (Misik and Riesz, 
1996b). Other investigations of the sonolysis of aqueous sohitions of nonvolatile sohites 
include: acetate (Gutierrez et al, 1986); dipeptides, propionate and sugars (Kondo et al., 
1989a); nucleosides (Kondo et al, 1988b); nucleotides (Kondo et al, 1989a); and polymers 
(Henglein, 1988). The sonolysis of several organic liquids have also been studied, including: 
dimethylfoimamide, methylformamide, dimetibylacetamide, tohiene, n-alcohols, n-alkanes, 
cyclohexane, dioxane and tetrahydrofiiran (Misik and Riesz, 1996b). The identified radicals 
were formed by ehher pyrolysis or H-abstraction. K'the reactant was not volatile enough to 
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entex the liqmd sheE (Zone 2), the reaction was not chemically enhanced with the use of 
uhrasound (Ando etal., 1996; Giiffing, I9S2). 
In the bulk Uqaid phase (Zone 3), the reactions i^ch occur involve radicals \\diich escape 
the in^losion. The kinetics are snnilar to that of radiation chemistry (Fuch and Heusmger, 
1995; Kondo etal., 1988a). 
The sonofysis of water under atmoqiheres consisting of various ratios of argon and 
acetylene was investigated by Hart et al. (1990). They found several products, of \^Mch a 
great proportion consisted of two to eig^t carbon atoms. The products were similar to 
products observed in the pyrolysis or combustion of acetjioie, with the interesting jBnding that 
the products with an even number of carbons were more plenti&l than the products with an 
odd number of carbons. The authors concluded that the formation of products occurred in a 
smgle step, by a smgle cavitational event, and not in a series of steps or through reactive 
intermediates from surrounding cavitational events. They also developed a mechanism to 
account for the products observed. Other studies of the sonolysis of gaseous solutes in 
aqueous solutions include: ozone (Hart and Henglem, 1986a; Coate et al., 1995); carbon 
dioxide (Henglein, 1985); and nitrous oxide (Ibrt and Henglem, 1986b). 
Aqueous mixtures of carbon tetradiloride were degraded by ultrasound, forming CO2 and 
Cr (Francony and Petrier, 1996). They detected trace amounts of C > 4 chains, but no chains 
longer that four carbons. Likewise, Diners et al. (1996) obtained C2 and C4 chains when 
they studied the degradation of trichloroethylene. They proposed that the reaction 
intermediates were formed during a single cavitational event because a firee radical trap in the 
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bulk sohidaii had no effect on the degradation rate. Aqueous mixtures of methanol produced 
primarily CHs* and some •CH2OH radicals (Riesz et al., 1990). 
2.7.2 Kinetic modelii  ^
When studying the primary radical formation of n-alcohols, Mlsik and Riesz (1996a) found 
that the logarithm of the rate of radical formation, ls^i;> decreased lineaid  ^with the vapor 
pressure of the alcohol They speculated that the reJationsh  ^could be described as 
However, th^r did not validate the equation with ^ erimental data. Susiick and Hammerton 
(1986) had earlier fotmd the same linear relationsh  ^\^e studying Hgand substitution of 
metal carbonyls. To investigate the relationship further, they performed e?q)eriments where 
they measured the rate constant as a function of reactant vapor pressure, \Ndiile holding the 
total vapor pressure of the system constant. They achieved this by varying the reactant 
concentration and ambient reaction ten^erature, and using various solvoit mktures to hold 
the system vapor pressure constant. As a result, for two different reaction systems, they 
found that the observed rate constant increased linearly with reactant vapor pressure, and had 
a nonzero intercept. They concluded that the linear dependence indicated that the reaction 
was occurring within the vapor phase of the cavitational event (Zone 1 in Figure 2.5) and the 
nonzero intercept gave a quantitatrve value of the reaction occurring in the liquid phase, 
th  ^assumed to be the gas-Hquid fObooi surrounding the bubble (Zone 2) (see also Susiick, 
1990). Th  ^used these findings to estimate the size of the bubble cavity relative to that of the 
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gas-Hquid fibn sunounding the bubble and found it to be 2.0 x 10^*: 1 before collapse. In 
addition, th  ^estimated the effective tenq)eratures to be ~ 5200 ± 650 K and ~ 1900 K for 
Zone 1 and Zone 2, respectively (see also SusHck et al., 1986). The fiqiud reaction zone was 
estimated to extend - 200 nm from the bubble sur&ce and had a li&time of < 2 ^s. This 
conq>ares to another estimate for the cavitation region (not zone q>edfic) as -2000-4000 K 
made by Misik et al. (1995) through ^ in-tr^ping and knowledge of the kinetics of OH bond 
pyrofysis. It seems likely that Zone 1 and Zone 2 become indistingui^ble from one another 
during the collapse of the bubble, and immediate  ^afier collapse. This would result in a 
system is conq)arable to a point source at a very high temperature and pressure, with steep 
tenqierature and pressure gradients to the bulk liquid at ambient temperature and pressure, as 
diown in Figure 2.6. 
Symmetric collapse 
jT-IR. 
r »5000K 
»300atm 
Point 
heat 
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liqiad 
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298K 
1 atni 
Radial gradient 
IT Point beat 
source 
Tmctesdniated at 5000 K 
Pmox estimated at 300 aim 
Bulk liquid 
phase 
To = 298K 
Po= 1 atm 
Figure 2.6. Symmetric collapse resulting in localized hot spot. 
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The kmetic iqtproach discussed above, and shown by Equation (19), was e?q)anded by 
Lorimer et al. (1991) \^o dieveloped a kinetic model accounting for reaction both in the 
presence and absence of ultrasound As a first step they defined three rate constants: knon 
representing the rate constant in the absence of ultrasound, kus representing the rate constant 
obtained in the presence of ultrasound, and I^UB representing the rate constant associated with 
cavitational collapse. They also found that 
kus'^ ^non 
or, in other words, the reaction rate constant in the presence of ultrasound cannot be 
accounted for by shz^ly adding the rate constants in the absence of ultrasound and within the 
bubble region. The properties are not additive because the reaction within the cavitation 
region occurs at much higher tenq)eratures and pressures than the reaction in the bulk liquid 
In addition, although the reaction in the bulk is continuously occurring over time, the reaction 
in the bubble is only occurring for a fraction of the cycle time of the acoustic wave. Thus two 
more parameters must be defined: Fy for the firaction of reaction mixture volume occiq)ied by 
bubbles and Ft for the cycle time (conq)ressiQn phase) during which the reaction occurs at the 
elevated ten^eratures of the cavitation region. Using this iDfi)rmation, the following can be 
devdoped: 
kus = (l-Fv)knon + FvkBUB = l^oa + Fv(l^UB-kQOTi) (21) 
kBUB = (l-Ft)knon + Ftket (22) 
where ket is the rate constant of the reaction occurring at the devated tenq)eratures within the 
cavitation bubble. Substituting I^UB firom Equation (22) into (21) results in Equation (23) 
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kus — ^on FtFv " ^ lon) 
wMch, upon rearrangement, gives 
f^-i]=F,F,r^-i] 
(23) 
(24) 
Since the reaction within the cavitation bubble occurs at tenq>eratures estimated at over 1000 
times the average bulk tenqperature, it is reasonable to assume that ket»l^oib (i-^- ket^on 
»1). It is also reasonable to assume that the reaction occurring in the cavitation bubble 
follows Anhenius behavior, shown by 
ket =Ac»p 
^RgT, 
(25) 
%^tnaxJ 
\\diere Tmox is the mavimiim tenq)aature reached in the transient cavitation bubble, \Ndiich has 
been defined in Section 23.1.C as 
T = T 
^max ••'O (9) 
Plugging (9) and (25) into (24), and rearranging, results in 
In ^us Y = /«FtFv + Pv 
RgTo RgP„(Y-l)To 
(26) 
\^ere Pm is the acoustic pressure at the initiation of collapse. To is the ambient reaction 
tenq)erature, and Py is the vapor pressure of the reaction mixture. 
Lorimer et al. (1991) found this method of analysis very promising wiien e?q)laiiiing kinetic 
data obtained firomthe solvofysis of 2-diloro-2-meth>i propane in 30% (w/w) and 50% (w/w) 
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ethanoi-water solutions. They also peculated that Equation (26) could be used to describe 
systems with non-aqueous solvents by making the modification that kus kus/l^cm 
»1). 
Two &ctors that Lorimer et al. (1991) did not accoimt fi>r were that the activation energy 
and Anhenius parameters might also be af^ed by ultrasound, (Le. Ea,et  ^£a, non aiid Aet 
Ajioa\ \^ch occurred in the reaction ^ ^ons investigated by Tatsumoto and Fujii (1987), 
MiTIs et al. (1995) and Whillock and Harvey (1997a). The reason these parameters change is 
most Bkefy due to the increased number of collisions of the chemical ^ edes reaction system, 
although more research is needed to e7q)lain these changes fiiOy. 
2.8 Mass Transfer Studies 
2.8.1 film transfer 
Hagenson and Doraiswamy (1997) foimd that ultrasoimd significant  ^increased the 
intrinsic mass transfer coefficient and the effective diffiistvity in a solid-liquid system When 
mvestigating the synthesis of diben;^! sulfide from sparing)  ^soluble sodium sulfide and benzyl 
chloride in the solvent acetonitrile, th  ^found that the reaction kinetics were adequately 
described using the sharp-inter&ce model (SIM) 
which is based on the conversion of the solid reactant A. The first term in Equation (27) 
accounts for the difiusional resistance of the liquid reactant through the solid-liquid inter&dal 
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the second for the difSisional resistance of the liquid reactant through the product layer 
formed on the sur&ce of the unreacted sofid during the course of the reaction, and the third 
for the reaction occurring at the sharp inter&ce betweoi the product layer and unreacted 
solid. Because the reaction under investigation was onfy controlled by one of these 
resistances at any one time, Hagenson and Doraiswan  ^could extract the values of k], the 
intrinsic mass transfer coefSdent, and De, the effective difiSisivity, from the e^erimental data 
th  ^obtained in the absence and presence of sonication. The results indicated that the 
intrinsic mass transfer coefficient and the effective difSisivity were increased 2 times and 3.3 
times, re^ectively, in the presence of ultrasoimd as conqiared to stirring alone. 
Ultrasound was found to enhance a Michael addition reaction over the use of very &st 
mechanical agitation (Ratoarinoro et al., 1995). The rate of mass transfer was calculated 
using Equation (28), and the intrinsic mass transfer of hydroxide ions through the 
solid KOH-Hquid toluene film was determined usmg the enq)irical power correlation givoi by 
Equation (29). The diffiisivity of the ions through the solvent was estimated with the WUke 
and Chang (19SS) correlation and was assumed to be the same for both mechanically agitated 
and sonicated reactions (the possibility of ultrasound increasing the diffiision of the ions 
through the solvent was not considered). When this corrdation was used by Hagenson and 
=kia^ 
 ^ 1 y (28) 
2 + 0.4 (29) 
69 
Doraiswamy (1997) to connate the empirical result with thdr e?q)eiimeiital]y obtained vahie, 
they found Equation (28) to grossly overestimate the value of the intrinsic mass transfer 
coefficient in the presence ofuhrasound by over two orders of magnitude. The use this 
correlation as a predictive tool for ki does not ^ ear to be vaUd in the case of sonicated 
reactions. However, this was not critical to Ratoaiinoro et a/.'s conclusions concerning the 
enhancement of the Michael addition reaction, because they concluded that the reaction was 
Idnetically controlled. 
When investigating a diffiision limited reaction, Worsley and Mills (1996) found that 
ultrasound increased the rate of the reaction by a &ctor proportional to D/5, where D is the 
difSisivity and 5 is the difSision lay  ^thickness. It was concluded that ultrasound decreases 
the difSision layer thickness. However, the effects on the difiusivity were not considered or 
investigated. 
Using a 3-phase q>arger reactor, the effects of ultrasound were investigated for a solid-
liquid and a gas-liquid reaction (Jadav and Pangarkar, 1989). The authors concluded that 
ultrasound had a greater effect on the solid-liquid reaction, but that the enhancement in the 
mass transfer coefficient was not very significant. However, these authors used a correlation 
to determine the sur&ce area of the particles in then: system, and did not account for sur&ce 
area changes over time, wiiidi can be quite significant (Hagenson and Doraiswamy, 1997). 
Ultrasoimd has been shown to increase the mass transfer in a concurrent liquid-liquid 
extraction processes and in a two-phase, three conponent q)ray tower process. The effects of 
ultrasound on the liquid-liqaid extraction process were studied umg a horizontal settling 
column with the transducer directly attached to the column (Woodel and Wbrandt, 1960). 
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Figure 2.7. Ultrasonic horizontal settling column (Woodel and Vibrandt, 1960). 
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Figure 2.8. Effect of ultrasound on the flow pattern within a horizontal settling column 
(Woodel and Mbrandt, I960). 
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The liquid mixtiiie was operated phig-flow as the fiquids passed over the length of the 
transducer, as shown in Figure 2.7. The stage efficiency was found to increase as the 
residence time of the fiqoids increased, (Le. for a power input of 50 Watts, the stage efficiency 
was increased from 19% with 5.9 seconds of contact time to 57% with 18 seconds of contact 
time). The beneficial effects of ultrasound were attributed to the different mixing patterns of 
the liquid phases (see Figure 2.8), the formation of eddies and circulation currents within a 
single phase, wiiich reduced concentration gradients, and the removal of stagnant pockets of 
liquid at the inter&dal boundary of the two phases. 
2.8  ^ Dissolution 
Ultrasound has been found to increase the rate of dissolution of several different 
soHd/Hquid systems. For exanq)le, an e?q)onentiai increase in the dissolution of renal calculi 
was observed in a chemolytic EDTA-dtric acid solution in the presence of ultrasound (Geier, 
1989). It was also found that the dissolution rate in the presence of ultrasound was dependent 
iq)on the system's pH and the citric add concentration (when the pH was held constant). 
Similarly, the rate of reactive dissolution of/7-chloranil increased in the presence of 
ultrasound (Booth et al, 1997). The diffiision layer thickness of the solid-liquid fihn 
decreased as the ultrasonic intensity increased and as the sanq)le was moved closer to the t  ^
of the hom. Using atomic force microscopy, it was found that ultrasound led to heavy pitting 
of the soUd sur&ce and suggested that transient ultrasonic cavitation plays an inq)ortant role in 
the dissolution process. 
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When investigating the dissohition of sodium suUGde in acetonitiile, Hagenson and 
Doraiswamy (1998) found that not onfy did ultrasound increase the rate of dissolution of a 
^aringty solid solute in a solvent, but it induced supersaturation of the solid as well, as shown 
m Hgure 2.9. The data points plotted in Hgure 2.9 are average values of 3 - 6 replications, 
wMch had an overall pooled standard deviation (Sp) of 5.13, based on 101 data points. The 
concentration of sodium available in the bulk liquid solution reached a maximum of 1.4 times 
the equilibiium saturation concentration available using stirring alone. The si^ersaturation 
level appears to cycle, readhing minifniim approximately every 20 minutes. This cycfization 
may be a result of random fluctuations in the average, or may be due to con:q)eting dissolution 
and prec^itation processes. 
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Figure 2.9. Sapersaturation as a result of exposure to ultrasound (Hagenson and 
Doraiswamy, 1998). 
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The same type of experiment was performed for the dissohitioiL of caldmn dtrate in water 
and similar results were obtained: the concentration of Ca  ^available in the bulk fiquid was 1.7 
times greater m the presence of uitrasoimd than in the absence (Hagenson and Doraiswamy, 
1998). These results are very exciting because, as shown by Equation (29), the rate of 
mass transfer in the presence of ultrasound is increased because of three simultaneously 
occurring processes; an increase in the intrinsic mass-transfer coefficient for dissolution, an 
increase in the inter&dal area, and an increase in the driving force for dissolution (refer to 
Figure 2.10). This phenomena has great potential in processes where the reaction occurs in 
the bulk liquid phase. 
(29) 
^ a (C1-Ca) 
• 
Increased by 
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(localized turbulence 
in the solid-liquid 
film) (Hagenson and 
Doraiswamy, 1997a; 
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(Neppiras, 1980; Suslidc 
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Figure 2.10. Ultrasonic enhancement of the rate of dissolntioii. 
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2.8  ^ Permeability 
The penneability of large molecular wei^t molecules tbrougjbi either pofymeric or 
biological membranes was enhanced in the presence of ultrasound without permanent damage 
to the membrane matoial (Kost and Langer, 1988). However, the mechanism(s) of 
enhancement were not q)eculated. Some of the questions \NMch should be addressed include: 
whether ultrasound was inCTeasmg the efifective difSistvity of the molecules, if the membrane 
structure was altered in any way in the presence of ultrasomid, or if any other type of 
mechanical effect could explain the increased permeability. 
2.9 Methods of Producing Cavitation 
Cavitation can be generated within a fluid using transducers, which are devices wiiich 
convert one form of energy to another. Gas-driven transducers, such as dog wliistles, use 
high velocity gas flow to generate ultrasound. liquid-drrvoi transducers, such as submarine 
propdlers, force Uquid across a vibrating plate or through an orifice, creating a cavitation 
zone. Electromechanical transducers, the most commonly used transducers in sonochemical 
research, convert electrical energy to sound energy. 
When using gas or liquid driven transducers, cavitation is generated in situ, Le. cavities are 
formed within the fluid by forcing the fluid through a physical object which generates bearing 
forces great enough to tear the fluid apart. Direct sonication occurs ^ en a device wdtich 
generates sound waves, such as a probe or horn, is place directly in a fluid system hidirect 
sonication occurs \\^en the sound waves propagate through some other medium before they 
come into contact with the vessel containing the reaction mixture, such is the case when using 
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an ultrasonic cleaning batL As is evident by the nature of sonication, probe systems produce 
hi^er intensities hi reaction mixtuies as conqiared to ultrasonic cleaning baths. Cavitation 
generated in situ in liquids can reach intensities comparable to direct sonication, as found by 
Pandit and Joshi (1993) \^o hydrodynandcalfy induced cavitation with a throttling valve to 
increase the hydrolysis of faOy oils. They compared the yields obtained usmg a hydrodynamic 
system to those using a probe system, and found them to generate similar reaction conditions 
and yields. 
Cavitation can also be mduced in situ using a focused electromagnetic acoustic transducer 
(EMAT) \^ch produces a high-intensity lithotr^ter shock wave in the fluid concemed 
(CameU, 1995). Once the shock wave is induced, cavitational bubbles are formed in the 
negative pressure region of the wave, causing nq)turing of the fluid. Secondary cavitational 
transients, created by the collapse of the primary bubbles, may also occur. 
2.9.1 Piezoelectric vs. magnetostrictive transducers 
The two Tnflin types of electrochemical transducers used in industrial applications are 
piezoelectric and magnetostrictive. Piezoelectric transducers are constmcted using a 
piezoelectric material, such as quartz, \^ iiidi ^ands and contracts in an alternating electric 
field, thus producing sound waves firomthe electric signal. Magnetostrictive transduces are 
constructed from materials, such as nickel alloys, which e?qpand and contract in an altemating 
mastic field. Each transducer has its own advantages and disadvantages, as outlined m 
Table 2.7 (Hunicke, 1990). 
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Table 2.7. Comparison of piezoelectric and magnetostrictive transducers (Honicke, 
1990). 
Piezoelectric Transducers Magnetostrictive Transducers 
Relative  ^inexpensive More e^ensive than piezoelectric for 
similar power ratings 
Relativeb  ^small and light Heavier and bulkier than piezoelectric 
Daniiaged at tenqieratures > -ISO With ^ edal precautions, can be operated at 
temperatures > 250 °C 
Win age, Le. have a reduced power output, 
considerably with continuous operation at 
high temperatures and/or over long periods 
of time 
Vnn not degrade or M over time by their 
very nature 
Some have been used successfiilly for over 
20 years of commercial operation 
May be damaged by large inq)act Extremely resistant to mechanical damage, 
such as large impacts 
Structure will be damaged if operated "dry" No damage \^4en operated "dry" 
As is evident from the table, piezoelectric transducers are normal  ^used with small volume 
processes and laboratory work. When large volumes and/or long, continuous reaction times 
are required, the more robust magnetostrictive transducer may be the preferred option. 
2.10 Characterization of the Sound Field 
Several methods exist to characterize the sound fidd of different acoustic reactors, 
including the chemiluminescence of luminol, the use of thermistor probes (Martin and Law, 
1980), and the use of aluminum foil The PPIMP, recentfy developed by Soudagar and 
Samant (1995), has the shape of a traditional ultrasonic probe and is iStted with a sandwich-
type PZT piezoelectric crystal It was designed with the intention of characterizing the soimd 
field of ultrasonic cleaners, and was sdliown to be an effective characterization technique. 
Using an electrochemical method (Trabelsi et al, 1996) determined the active regions 
within their high frequency ultrasonic reactor using an electrode and monitoring the localized 
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current of the difiiision-controlled reduction of potassium ferricyanide. The regions \vith the 
highest current readings, leading to the highest Sherwood numbers, were taken as the most 
active regions in the reactor. The Sherwood number was determined using Equation (30) 
Sh = ^  ^ (30) 
Dox 
where the mass-transfer coefficient is directly proportional to the reduction current, de is the 
electrode diameter, and D^x = 0.9 x 10'^  mVs. E^qperhnents using this technique of 
diaractocization gave conficting results as con^ared to the active regions determined via 
calorimetry. Similar results were observed by Renaudin et al. (1994) \\dien conq)armg two 
other methods of sound field characterization: chemiluminescence of luminol and a 
thermocoiq>le probe. They found that the regions of highest acoustic intensity as determined 
with the thermocoiq>le did not corre^ond to the regions giving the highest luminous intensity. 
The authors peculated that a phenomenon referred to as the "geyser" effect was occurring in 
the system (refer to the article for further eTqplanation). 
2.11 intrasonic System Types 
2.11.1 Ultrasonic bath 
Ultrasonic baths were originally manu&ctured for cleaning purposes. In general, the 
transducers are attached to the bottom of the cleaning baths, as shown in Hgure 2.1 la, 
although transducers can be submersed in a conventional tank to obtain similar effects (Figure 
2.1 lb). Bath systems are the most widely used in the sonochemical research because they are 
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i 
(a) Most common type of bath (b) Modification of existing tank 
iigure 2.11. Ultrasonic bath systems with (a) mounted transducers and (b) submersed 
transducers. 
readify available and relative  ^inexpensive. The reaction vessel is typica% immersed in the 
coi^ling fiuid contained in the bath (indirect sonication). However, the bath itself can be used 
as the reaction vessel, but would require additional mechanical agitation. In addition, the bath 
walls would be exposed the reaction mixture and/or the irradiation, makmg them susceptible 
to corrosion or erosion. 
When indirect sonication is used, the ultrasonic power wdiich reaches the reaction vessel is 
relatively low as coiiq)ared to other ultrasonic ^ stems, such as a probe, hi addition, obtaining 
reproducible results may be difficult because the amount of power reaching the reaction 
mature is highly dependent iq)on the placement in the bath, and varies from bath to batL It 
also varies with time as the bath warms during operation (lickiss and McGrath, 1996). Since 
each bath has very different characteristics, it is very inq)ortant to determine the optimum 
conditions for each, and to place the reaction vessel in the same location for each e?qperiment. 
In addition, it is inq>ortant to use the same type of reaction vessel for each reaction because 
the shape of the bottom of the reaction vessel significant  ^influences the wave pattem, even 
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placed in the same position in the bath (Mason et al., 1994; Pugin, 1987; Weber and 
Chon, 1967). 
Another disadvantage to usmg a bath system is that the coiq>ling fluid surrounding the 
reaction vesse](s) will eveotualfy increase in tenq)erature, making the maintenance of 
isothermal conditions dif&cult. Cooling coils can be placed within the bath, but will a£fect the 
sound field and may reduce the amount of power reaching the vessel 
2.11  ^ Probe (born) systems 
Probe systems, also called horn ^stems, are being used more frequently for sonochemical 
research in the laboratory. This may be because manu&cturers are aware that this type of 
research is increasmg and are providing equ^ment to meet the demand. In addition, probe 
systems are capable of delivering large amounts of power directly to the reaction mixture 
which can be regulated by varying the anq>]itude delivered the transducer. Disadvantages in 
using a probe system include erosion and pitting of the probe t ,^ which may contaminate the 
reaction solution, as found by Entezari et al. (1997) ^ en investigating the dissociation of 
carbon disulfide. Several probes are available with removable t^s, maldng replacement 
relatrvefy ineTqiensive. Several different horn designs are available and are discussed in detail 
by Perkins (1990). His article also covers transducer construction, material considerations, 
methods of measuring input anq>litude, and health and safety a^ects. 
Several authors have carried out expeiimoits to determine the sound field characteristics in 
a probe system. It was found that a mmmiiini fiquid height must be maintained in the reaction 
vessel, below which the transducer does not fimction properly (Ratoarinoro et al., 199Sa). 
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They conchided that the probe should be immersed in at least 1 cm of fluid. Contamine et al. 
(1994) observed that \s^en the power delivered to the system is low (ie. 8 W); the 
distnbution of ultrasonic intensity is characteristic of a standing wave in the axial direction. 
However, as the power deliv^ed to the system is increased, the wave pattern diss^ates and 
the intensity becomes higher near the probe t  ^and decreases axiaOy. In the radial direction, 
th  ^found that at low powers (Le. 8 W) the intensity is slightly higher at the center of the 
reactor, but is conqiaiable over the cross-section of the reactor. However, as the power 
delivered increases, the ultrasonic intensity increases at the center of the reactor and diss^ates 
as one moves out in the radial direction. At an input power of200 W, the active region in the 
radial direction is equal to that of the horn (the remaining radial direction had negligible 
activity). 
Aluminum foil was used to characterize the sound field of a probe ^ stem, providing the 
data required to develop an empirical equation (Equation (31)) which can be used to estimate 
the order of magnitude of the pressure intensity (Pi), in atmospheres, as a fimction of distance 
(s), in meters, of the aluminum foil from the probe t  ^(Chivate and Pandit, 1995). The 
pressure 
Pl=9.82xl0-^s"  ^ (31) 
intensities were found to be on the order of sevoal thousands of atmo^heres very near the 
probe tp, and to decrease e7q)onentialty with distance fi-om the tp of the horn. 
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2.11  ^ Planar transducers 
This type of setqp is t^ically made in the laboratory and it consists of a planar transducer 
(Figure 2.12) connected to a vessel \^ch contains either the reaction mixture (a) or a 
coupling fluid (b) in ^ Mch the reaction vessel is immersed. Xup-hom'' designs are very 
similar to planar transducer designs, with the exception that the horn is designed to allow for 
cooling capabilities, &cilitating the maintenance of isothermal conditions (refer to Mason 
(1990c) for more details). Both planar transducer and ciq)-hom systems are capable of 
defiveiing higher powers than ultrasonic bath ^ sterns. However, they are both difficult to 
scale-iq). 
The active regions of a high frequency (500 kHz) planar transducer system, similar to 
Figure 2.12a, have been investigated by Roiaudin et al. (1994). A thermocouple was used to 
probe the regions in the radial direction, based on the assun^tion that the measured 
Reacticm 
mixture 
Emitting 
buxlkce 
Coiq)ling 
fluid 
Transducer 
(a) Direct sonication (b) Indirect sonication 
Figure 2.12. Planar transducer systems, 
82 
tenperatme was direct  ^propoitional to the cavitatioii intensity. The ultrasonic intensity was 
found to be higher at the center of the vessel, directly above the emiltiug sur&ce, and to 
decrease in the radial direction. Similar bdiavior was observed \^en Contamine et al. (1994) 
investigated the value of the local mass transfer coefSdent at different axial and radial 
positions in the reaction vessel The axial variations in the local mass transfer coef&dent were 
characteristic of a standing wave. Radially, the local mass transfer coefficient was the highest 
in the cento  ^of the reactor, above the emitting sur&ce, and decreased as it moved out towards 
the edges. The vahie of the coefficient was also dependent iq)on the height of the liquid in the 
reaction vessel 
The concepts presented above are not new. This behavior was modeled by Aerstin et al. in 
1967 and was experimental  ^verified with data obtained from the liberation of CI from CCU-
The equ^ment used is similar to the planar transducer ^ em shown in Hgure 2.12b. Starting 
fiom the basic princ^les desoibing the pressure variations of a propagating sound wave: 
(32) 
\\4iere px is the pressure anq>]itude at a distance x firom the transducer. Pa is the pressure 
anq>]itude delivered by the transducer, a is the attenuation coefficient of the medium, 0 is the 
angular frequency, k is the wave number (= InlX), and h is the height of the liquid above the 
transducer. Simplifying assun:q)tions were made specific to their system (for example, th  ^
used watCT as then medium, hence a = 0), and the equation was solved for the pressure 
anplitude at x = nX/2, resulting in 
83 
= P. 
|(l- g)^(l- cog 2kh)  ^+(l+a)  ^siTp" 2khj 
1+CT  ^+2acos2kb 
(33) 
where a is the reflection coefficient at the sofid-fiquid inter&ce (the contact area between the 
transducer and the reaction cell). Assuming 100% reflection (a = 1), Equation (33) becomes 
imdefined at values of h \^ere 
h = (2n-H)  ^ n = 0,1 .^. (34) 
This indicates the pressure anq)litude is undefined at these points, thus maximnm pressure 
intensity is achieved. When the Hqaid height in the cell is 
_ (n+l)X h = x__v_ n = o.U.. 
2 
(35) 
the pressure an:q)litude given by Equation (33) is zero, thus the pressure intensity at these 
points is zero. As predicted with the model, a maxinrnm in CI2 yield was observed when the 
Uquid height above the transducer was equal to points given by Equation (34). No observable 
CI2 was produced wben the liquid height was equal to Equation (35). Equation (33) also 
provided a good prediction of the yield of CI2 as a fimction of liquid height and input power to 
the horn. 
2.11.4 Comparison of system types 
A direct iimnersion horn, a titanium cylindrical cmdble, a ci^-hom (similar to the planar 
transducer shown in Figure 2.12) and a cleaning bath were con^ared usmg a Mchael 
reaction, the addition of ethyl malonate to chalcone with solid KOH as a catafyst (Ratoarinoro 
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et aL, 1992). The power transmitted to the reaction mixture per unit volume was kept 
constant in an atten^t to make an accurate conq)arison of the different emitter types 
investigated. Hie yields obtained were 98% for the horn, 97% for the crucible, 91% for the 
cup-hom and 77 % for tlie batL As discussed previously, the cleaning bath is the least 
ejfficient because a large amount of the power is diss^ated in the liquid surrounding the 
reaction vessel 
2.12 Sonochemical Reactors ivitli Electromechanical Transducers 
Incorporating ultrasonic technology into current reactor design is becoming increasingly 
important in today's industries. Currently Germany's Clausthal Technical University, with the 
he  ^of several con^anies including Hoechst, is operating a modular sonochemical reactor 
\^diich produces iq) to 4 metric tons of Gringard reagent per year (Qndrey et al., 1996). In 
France, the Electricite de France is fimding the piloting of an ultrasonic electrolytic reactor to 
be used for the indirect oxidation of cyclohexanol to cyclohexone (Qndrey et aL, 1996). It is 
the hope of the present authors that this technology will be accepted and encouraged within 
the United States as a viable enhancement technique for several types of fine chemical 
processes. 
85 
2.12.1 Batch and/or continnous flow reactors 
a. Mounted transducers 
Berger's Sonochemical Reactor 
The uhrasonic reactor design developed by Berger et al. (1996) contains 6-8 transducers 
buik into the wall of a continuous  ^stirred tank reactor, and 3-5 transducers also buQt into the 
bottom of the vessel, as shown in Figure 2.13. The reactor is equ^ped with an in^eller for 
mechanical agitation, an extemal jacket for isothermal control, and reaction ports which allow 
Filling port 
Ulbasonic 
transducer 
External 
temperature 
contioljadcet 
Caps 
Reaction 
tank 
Ultrasonic 
transducer 
Outlet 
valve Cable 
Adjustable 
ultrasonic-
generator 
Figure 2.13. Sonochemical stirred tank reactor (Berger, 1996). 
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for operation in the batch, semi-batch, or conthmous mode. The transducers may be operated 
independent  ^of one another and are designed 'with caps protecting them from atmospheric 
disturbances. This reactor configuration was developed in hopes of remedying the problems of 
other types of sonichemical reactors, such as: the efSdency and reprodudbifity problems 
^ically associated with uhrasooic baths and the small active cavitation region associated with 
ultrasonic probes which deliver power to a narrow band of liquid directly under the probe t .^ 
This reactor also allows for sonication of a soM-fiqmd ^ stem, \^ch is a problem with 
vibrating plate ^ y^ems \^ch onfy allow for Uqmd-fiquid systems. 
Hexagonal Bath System 
This type of sonodiemical reactor provides mdirect sonication to the reaction vessel, as 
shown in Figure 2.14, and the design is sntiilar to that of an uhrasonic bath The outeihull of 
the reactor is hexagonal in shape, and is fitted with transducer mounted in the center of each 
Stining shaft 
Pipes for pumping fluid in 
and oat of reactor 
> 
Looldnginto badi 
from above 
Fignre 2.14. Hexagonal sonochemical reactor. 
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side. The hexagonal shape is used to ^ dlitate the attaduneiit of the transducers, as it is very 
difficult mount transducers on a rounded sui&ce. Each transducers delivers 100 W of power 
which is fi)cused towards the center of the bath. The reactor is sm^ify a conventional type of 
mixed reactor whidi can be operated in the batch or continuous mode. 
b. Unspecified i^ stems 
The Eastman Kodak Conqiany has patented a process for producing aromatic carbo^fic 
esters in the presence of ultrasound (Steimnetz and Matosky, 1993). While not many ^ edfics 
are given, the reaction appears to be canied out in a continuous, pressurized reactor (although 
batch and semi-batch reactions are also reported) in the presence of ultrasound. The 
operating conditions for the ultrasound consist of a frequency in the range of 15 to 100 kHz 
and an acoustic intensity in the range of 1 to 20 kW/cm  ^(presumably delivered intensity). 
2.12.2 Batch reactors with an external flow loop 
a. Probe systems 
Conventional batch reactors were modified by attaching an external flow loop which 
provides sonication to a small volume reaction mixture within the loop. This sonication can 
be provided usmg several methods, two of \^ch are shown in Figure 2.15. This tjpe of 
reactor has several advantages, one of the largest being that the sound fields created in small 
liquid volumes using probe(s) and mounted transducers have been well-characterized in the 
literature. In addition, the operator has control of the residence time of the mixture through 
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Sonicated 
region r 
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(a) Mounted transducer (b) Probe system 
Figure 2.15. Flow loops used to sonicate external streams of batch and continuous flow 
reactors. 
the active sonicatioii region. The eKtemal flow loop is usually modular, &cilitating 
maintenance of equipment. 
One of the main disadvantages in using a reactor with an external flow loop is that the 
^ecies activated in the sonicated region are short lived, and may not have the desired 
propensity for reaction once they reach the main reaction tanlf However, if the ^ edes 
created in the sonicated zone is an intermediate required for a series reaction (Le. if the 
reaction is A B -> C and B is created in the presence of sonication) the overall reaction can 
be greatfy enhanced using an external flow loop. 
A process using a flow throu  ^cell with an ultrasonic an|>li^dng horn, similar to the one 
^own in Figure 2.15b, was patented for the production of ahmnnuin con:q)ounds of the form 
Al2(OH)6.JCa (\^ere X is CI", Br, F, T, SO4, or NOs") (Joshi and Parekh, 1993). The shiiry 
consisted of 10 to SO weight percent of ahimma in an aqueous solution where additional 
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mechanical agitation was used (when necessary), in conjunction with the sonication. They 
reported using a topical frequency of 20 kHz, but did not give the intensities at ^ ^ch they 
were operating. 
b. Mounted transducers 
Harwell Sonochemical Reactor 
The design for Harwell's sonochemical reactor (Anonymous, 1990) was a collaborative 
effort of nineteen different con^anies, including British Petroleum, Sandoz, Rhone-Poulenc 
and ABM Chemicals. As shown in Figure 2.16, it is a 20 liter batch reactor, fitted with an 
external flow loop \^MdL sonicates a small volume of the reaction mixture and returns it to the 
Hianwell sonoreactor 
module 
Traditional 
stirred tank 
reaction vessel 
Sonicated 
reaction 
mixture 
Heat 
exdianger 
Figure 2.16. Harwell sonochemical reactor. 
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wiain vessel The sonoieactor module contains three moimted transducers which are evenfy 
^aced aroimd the 13 cm diameter p^ing, i;\4iidi contains a buffer fluid (Mason and Berlan, 
1992). The transducers are not brought directfy into contact with the reactive stream to avoid 
corrosion and ^ dfitate equ^ment maintenance. 
2.123 Tubular reactors 
Tubular sonochendcal reactor designs «dst \^ch provide either direct or indirect 
sonication to the process stream Several designs exist, some of wMch may be used to 
provide sonication to an external flow loop in a mixed reactor. 
Process stream 
Presstire gauge for 
coi^ling fluid 
Process stream 
Figure 2.17. Branson sonochemical reactor (tubular configuration). 
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a. Probe ^ sterns 
Branson sonochemical reactor 
This sonochemical reactor, manu&ctured by Branson ultrasonics, consists of modular units 
vsMch may be combined in series, as sbown in Figure 2.17. Each unit consists of two 
ultrasonic horns in contact with a coiq>ling fluid, \^ch is used to reduce erosion and pitting 
of the probe t .^ Using indirect sonication also prevents contamination of the process stream 
with fragments of the probe t  ^wbidi may be incurred dtoing the erosion process. 
Ragaini's triphase catalyst reactor 
Two types of ultrasonic reactors were patented by Ragaini (1992) vdiich were designed 
specifically to enhance polyphase reactions. The first reactor (shown in Figure 2.18) has the 
ability to emulsify the inlet liquid streams before they come into contact with a ti^hase 
catalyst (Le. a phase transfer catalyst bound on a pofymeric siq)port) contained in a fixed 
catalyst bed. The conqiartment has screens on either end to prevent the loss of the catalyst. 
Other options for this system incbde a gas inlet port, not shown, in which a gaseous reactant 
may be fed into the tank for mixing before contact with the catafyst. This type of reactor 
configuration greatly &cilitates the reaction betweoi the mult^le phase reactants because the 
ultrasonic probe increases the inter&dal area between the reactants before they come into 
contact with the catalyst bed. The author also states that it has great advantages over typical 
liquid-liqmd-solid shiny reactors because the catalyst does not have to be separated firom the 
reaction mixture at the end of each cycle, enabling an easier and more cost effective 
92 
Ten^Kratare piobe 
Reactioa mixture 
outlet 
Uhrasonnd 
probe 
Catalyst screen 
Fixed catalyst 
bed 
Reaction mixture  ^
inlet *" r— 
Reactor 
tank Isothermal tenq>erature 
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Figure 2.18. Ultrasonic reactor designed to emulsify immiscible liquid streams within 
the reaction chamber and then send the emulsified mixture through a 
fixed bed triphase catalyst chamber (Ragaini, 1992). 
semicontinuous or continuous process. The second reactor developed by Ragaini (the 
cy]inderical reactor with core cooling) is discussed in Section 2.12.3.6. 
b. Mounted Transducers 
Lewis Neatfield Acoustic Processor (NAP) 
The Lewis Nearfield Acoustic Processor (NAP), also termed the Reveiberatory Ultrasonic 
\fixing (R.UM) System in some articles, is designed with transducers mounted, &cing one 
another, on opposite sides of stainless steel plates (refer to Figure 2.19). The transducers 
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20 Idfe transducers 
Met process 
stream 
Oudet process 
stream 
Stainlesss 
{dates IS IdB  ^transducers 
Figure 2.19. Lewis Nearfidd Acoustic Processor (NAP). 
operate at different frequencies, IS kElz and 20 kHz, in order to generate an acoustic intensity 
within tlie process stream which is greater than the sum of the smgle plate intensities. 
Cylindrical pipe reactor 
This type of reactor provides indirect sonication to the process stream, and is designed 
with cooling c^abilities to &cilitate the maintenance of isothermal conditions (Figure 2.20). 
Transducer 
' housing 
Inlet process 
stn>  ^
Outlet process 
stream 
• • 
i 
i L 
Coqplmg 
fluid 
Figure 2.20. Cylindrical pipe reactor. 
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The length of the p^e is chosen so there wiH be a null point at the ends. Thus, it can be 
retrofitted to existing process p^ework. One of the main problems with this type of design, 
however, is that it is very difficult to mount the transducers on the curved sur&ce of the 
reactor. For this reason, the tube reactors in pentagonal and hexagonal sh^es were designed. 
Tube reactors 
Tube reactors are designed in a variety of shapes, as shown in Figure 2.21, and can be 
retrofitted to existing process streams. Because it is difficuh to mount transducers on round 
surfiices, flat edges of the pentagonal and hexagonal design ^ dlitate mounting and enable 
direct bonding of the transducers. Each transducers should be moimted as to focus the 
acoustic energy towards the center of the reactor. 
Transducers 
(a) Pentagonal (b) Hexagonal 
Figure IJll. Cross sections of two types of tube reactors. 
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Martin Walter Push-Pull System 
The Maitin Walter push-pull system was developed in Straubenhardt, Gennany, and is 
shown in Figure 2.22. The ends of the titanium bar are attached to opposing piezoelectric 
transducers. The length of the bar is equal to a multiple of the half-wavelengths of ultrasound 
produced. The two transducers are coonected with electrical connections \^ch run through 
the center of the bar. The transducers then operate in a push-pull mode, producing a 
"concertina" effect down its length. This type of system can be fitted into existing p^ework 
and can be made to a considerable loigth, enabling the processing of large volumes. 
Generator 
Reaction med' 
Duct for electrical 
connectims between 
transducers — 
Titanium bar 
Figure 2.22. Martin Walter push-pull system. 
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Cylindrical reactor with core cooling 
The cyfinderical reactor with core cooling, shown in Hgure 2.23, was the second reactor 
configuration, proposed by Ragaini (1992). The transducers are mounted over the length of 
the catalyst bed in order to sonicate the immiscible reactant streams while they are in contact 
with the catafyst. The advantages of the first reactor configuration (shown in Figure 2.18) 
over this one are: 1. it may be less ej^ensive because it consists ofone ultrasonic probe, not 
multiple transducers, 2. the probe t  ^can be easily replaced if it becomes pitted, which is not 
the case when the transduces are part of the wall of the catalyst bed, and 3. the tr^hase 
catalyst is not ejqposed to ultrasoimd, \^ch may otherwise lead to polymer degradation and 
reduce the life and effectiveness of the tr^hase catalyst. 
Brtemal tube for 
heat transfer fluid 
Catalyst particle 
Tiaosducer 
External shell for 
reacticQ mixture 
Dead space 
Reactant fluid port 
figure 2.23. Shell and tube reactor configuration with transducers embedded in shell 
walL The reaction mixture is contained on the shell side and the heat 
transfer fluid in contained in the tube (Ragaini, 1992). 
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Although this reactor was designed for use with ti^hase catalysts, any type of reaction 
system can be used. The internal tube provides core cooling to aid in maintaining isothermal 
conditions. 
c. Miscellaneous 
Sodeva sonotube 
This ultrasonic system was designed by Sodeva, a conqtany based in France. The radial 
collar is attached to a transducer and acts as a cylindeiical resonator (refer to Figure 2.24). 
Usmg a length of 1.2 meters and an interoal tube diameter of 42 mm, the unit can be operated 
at 2 kW with 80% efSdency (Mason, 1992a). The maxinnmi ultrasonic power obtained is 
Outlet process 
stream 
Bacfial 
collar 
Transducer 
Stainless 
steel tube 
tMet process stream 
Figure 2.24. Sodeva sonotube. 
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located at half-wavelength distances along the process p^e. The ends of the p^e are null 
points, making it possible to retrofit the device to existing p^ework. 
2.13 Reactors Based on Alternative Methods of Generating Cavitation 
2.13.1 Liquid whistle 
As discussed in Section 2.9, cavitation can be formed in a fluid in situ by forcing the liquid 
across a vibrating blade, as shown in Figure 2.25. The frequency of the waves generated by 
the blade is dependent upon the flowrate of the fluid, \^ch must be adjusted to a rate high 
enou  ^to create cavitation in the fluid. Liquid \\iiistles are very usefiil and inexpensive 
methods of producing fine emulsions in immisdble liquid streams, and have been used 
successfiilly in food technology (Mason et al., 1996b). The ^ paratus may be installed on­
line usmg an exisdng process stream, and is capable of processing large volumes. Solid-liquid 
Flow 
guides 
Outlet proces 
stream 
Inlet process 
stream 
Jet Blade Stainless steel 
block 
Figiire2.25. Liquid whistle. 
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systems can also be used, but the soHd particles may cause rapid erosion of the blade. In 
addition, the intensity of cavitation may not be bigh enou  ^for some applications (Le. 
chemical reactions requiring high intensities to obtain desired effects). 
2.13  ^ Hydrodynamic cavitation reactor 
Cavitation can also be generated in situ by forcing the jQuid through an oriJ&ce, as shoivn in 
Figure 2.26, resulting in a pressure drop in the fluid. When the pressure &lls below that of the 
vapor pressure of the fluid stream, cavitation sites are created. The magnitude of the pressure 
drop is dependent iq)on the flow rate of the fluid and the size of the orifice. When gases are 
dissolved in the fluid, cavitation may occur at pressures higher than the vapor pressure of the 
fluid (Pandit and Moholkar, 1996). 
Workers w^o use hydrodynamic cavitation reactors typically refer to the dimen signless 
parameter termed the cavitation number, Ci, which is defined as 
(36) 
pu 
2 
where P2 is the pressure in the fluid after it passes through the orifice, Pv and p are the vapor 
pressure and density of the fluid, rei^ectivefy, and u is the velocity of the fluid at the orifice. 
The parameter Q is independent of the liquid velocity in the pipe, but increases linearly with 
the ratio of orifice diameter to p^e diameter (Yan al., 1988). It has been diown that 
cavitation inception occurs \dien Q is in the range of 1.5 - 2.S. 
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Figure 2.26. flow through an orifice: hydrodynamicalty created cavitation. 
2.14 Scale-up Considerations 
When consideiing whether or not to scale-iq) a reaction \^ch is accelerated with the use 
of ultrasound, there are several &ctors to consider. Urst, it is important to know what role 
ultrasound is playing in the enhancement. Are the efifects truly chemical (Le. is the 
enhancement due to the formation of firee-radicals) or are they piimaiily physical? If they are 
physical, what effects are most inq)ortant to the enhancement of the reaction? If particle 
degradation is the only critical role utCrasoimd is playing, a sonochemical reactor may not 
necessary. Rather the solids can be sonicated bdfore they are placed within a conventional 
reactor. However, if the other physical effects of ultrasound are inq)ortant, such as the 
enhanced rate of mass transfer and/or sur&ce renewal, then sonication will be required over 
the course of the reaction. 
In some cases, the use of ultrasound may generate a reaction intermediate wdiich catalyzes 
the reaction, as in the case of the EMds-Alder cycloaddition between cyclopentadiene and 
methyl vinyl ketone (Reisse et al., 1996). However, if this is the only role ultrasound is 
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playing, it may be more cost effective to physicalfy add the necessary intermediate, instead of 
using ultrasound to generate it. 
Once the conclusion is reached that ultrasound is required to obtain the desired reaction 
enhancement, &ctors wiiich need to be considered before scale-up are the characteristics of 
the liquid reaction mednnu, such as the viscosity, vqior pressure and dissolved gas-type and 
concentration. As discussed in Section 2^ ,^ the properties of the fluid and dissolved gases 
are extremely m^ortant to the type and amount of sonication required. In addition, the 
presence of soUds, then: nature, size and structure, will also affect the reactor selection. For 
exan l^e, when the reaction system is liquid-solid, a \^ 4iistle reactor would not be a good 
selection because the blade would become quickly eroded by the presence of the solids. 
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spedfic heat ratio 
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/ 
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syston pressure 
systan temperature 
Figure 2.27. Scale-up considerations. 
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la addition to knowing the characteristics of the reaction mixture and the kinetics of the 
reaction, one must also have knowledge of the optimom system and ultrasonic conditions, 
such as the ambient reaction tenqierature, pressure, frequency and dissipated power, and how 
they interact with one another. Addition of equipment widiin a reactor (Le. bafSies, stirrers, 
and cooling coils) affect the distribution of ultrasonic energy because the waves reflect off of 
them. AH scal&-iq) considerations discussed thus &r are summarized in Figure 2.27. 
2.15 Conclusions 
The advances in the field of ultrasound in the last twenty years have been plentiful, but 
there is still a lot of new frontier to be covered. Researchers have found that ultrasound 
chemically enhances reactions which depend iq)on a single electron transfer process as a key 
step. They have also found that ultrasound mechanically enhances reaction systems which 
follow an ionic mechanism These enhancements are a result of increases in the intrinsic mass 
transfer coefficient, increases in sur&ce area resulting from particle degradation, and, in some 
cases, increases in the driving force for dissolution. 
Several other aspects of the effects of ultrasound on systems remains unclear. The manner 
by which free-radicals are produced within the cavitation bubble remains elusive, although 
several researchers have concluded that they are formed during the adiabatic inplosion of the 
cavitation bubble. Li addition, ultrasound has been found to enhance the effective difiiisivity 
in a solid-liquid system, increase the intrinsic mass transfer coef&dent, induce siq)ersaturation, 
and increase the activation energy and frequency &ctor of various reaction systems. 
However, the actual mechanisms behind these enhancements have not been discemed. It will 
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take the combined work of scientists from aU fields to resolve the role of ultrasound on 
reacting systems, and to make it a viable rate enhancement technique for commercial industrial 
processes. 
2.16 Nomenclature 
a inter&dal area of solid particles 
A Anhenius parameter 
Ap area of probe t^  
C velocity of sound in the liquid medium 
saturation concentration 
CA concentration of solid reactant in solution 
CAO initial solid reactant concentration 
CB concentration of Uquid phase reactant 
Ci dimensionless cavitation number 
Cp, solvent heat capacity of the solvent 
Cp, vessel heat capacity of the reactor vessel 
D dififiisivity of reactant through solvent 
de diameter of electrode 
De effective difSisivity 
Dox difSision constant 
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dp diameto  ^of soUd reactant 
dx distance fiom transmitting source 
e power diss^ated per unit mass of Uqmd 
Ea activation energy 
Fc shape &ctor 
Ft cycle time at which bubble phase reaction occurs 
Fv volume of reaction mixture occiq)ied by bubbles 
h height of the Hquid above the transducer 
I acoustic intensity 
Idiss intensity of ultrasound at the emitting sur&ce 
Imax maximum acoustic intensity 
k wave number (= 27c/X,) 
rate constant associated with bubble collapse 
ksi sofid-Hquid mass transfer co^dent for dissolution 
ket rate constant of reaction occuring within the bubble 
ki intrinsic sofid-fiquid film transfer coeffident 
l^ on i^ te constant in the absence of ultrasound 
kri: rate constant of radical formation 
ks rate constant of sur&ce reaction 
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kus rate constant in the presence of ultrasound 
nisoiveot mass of the solvent 
MA molecular weight of solid reactant 
P pressure in the bubble at its maximum size 
P2 pressure in the fluid after it passes through the orifice 
P°o(t) pressure fax firom the bubble in an infinite liquid 
PA pressure amplitude delivered by the transducer 
Pdiss actual power diss^ated in the reaction mixture 
pg(R) pressure of pennanent gas within bubble 
PI pressure intensity 
PL(R) liquid pressure just outside the bubble wall 
Pm Uquid pressure at transient collapse 
Pmox maximum pressure developed at moment of bubble collapse 
Po hydrostatic pressure 
Ps saturation v^or pressure of the liquid 
p-i(R) pressure of total mass content within bubble 
Pv vapor pressure of the liquid 
Pv(R) pressure of vapor within bubble 
Px pressure anq)litude and distance x fiom the transducer 
106 
R radius of bubble 
R first derivative of bubble radius with reject to time 
R second derivative of bubble radius with reject to time 
R2 radius of cavitation bubble at \^ ch transition firom isothermal to adiabatic 
coll^ se occurs 
RAO radius of soM reactant 
Rg universal gas constant 
R  ^ maxTimim bubble radius 
Rffnn irnninnTm bubble radius 
Ro equilibrium bubble radius 
rnit rate of mass transfer 
s distance of the ahimimiin foU from the probe t^  
Sp pooled standard deviation 
t time 
T ten^eratuie 
To ambient reaction temperature 
Tmax maximum ten^)eratuie developed at moment of bubble collapse 
Tv ten^erature of the imier vessel wall 
v wave velocity 
V volume of the liquid medium 
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XA conversion of solid reactant 
Xi volume fraction 
Xw thickness of the inner wall of the reactor vessel 
Greek Letters 
a attenuation coefficient of the medium 
8 diffiision layer thickness 
A. wavelength 
y polytropic ratio of ^ edfic heats of bubble mixture 
 ^ viscosity of the bulk liquid medium 
V frequency (= 2n/(o) 
V stoichiometric coefficient in SIM model 
p density of the bulk liquid medium 
PA density of solid reactant 
Pvessei density of the reactor vessel 
a sur&ce tension ofthe bulk liquid medium 
Or reflection coefficient at the Hquid-soUd intei&ce 
Tm time for conq)lete transiait coE^se 
CO angular frequency 
(Dr resonance frequency 
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00 f resonance eigenfirequenc  ^
u velocity ofthe fluid at the orifice 
Acronyms and abbreviations 
fireq. ultrasonic firequency 
PTC phase transfer catafyst 
ixn reaction 
Sh dimensionless Sherwood number 
TB AB tetrabutylammomum bromide 
wA  ^ mass of solid per miit volume of organic phase (g/mL) 
2.17 References 
Aerstin, F.G.P., Timmeihaus, KD. and Folger, ELS., "Effect of the Resonance Parameter on a 
Chemical Reaction Subjected to Ultrasonic Waves," AlChE J., 1967, I3f3'>. 453-456. 
Ahuja, A S. and Hendee, W. R., "Effects of Particle Shape and Orientation on Propagation of 
Sound in Suspensions," J. Acoust. Soc. Am., 1978, 63(41 1074-1080. 
Ahuja, A. S., "Wave Equation and Propagation Parameters for Sound Propagation in 
Su^ensions,"/. Appl. Phys., 1973,44{11), 4863-4868. 
Ahuja, A. S., 'Tormulation of Wave Equation for Calculating Velocity of Sound in 
Suspensions," J. Acoust Soc. Am., 1972. 51(3). 916-919. 
Alegria, A. E., lion, Y. and Kondo, T., "Sonolysis of Aqueous Sur&ctant Solutions. Probing 
the Inter&dal Region of Cavitation Bubbles by Spin Trapping," J. Phys. Chem, 1989, 
93(12). 4908-4913. 
AUegra, J. R and Ha\\iey, S. A, "Attenuation of Sound in Su^ensions and Emulsions; 
ITieory and Experiments," J. Acoust. Soc. Am., 1972, 51(5). 1545-1564. 
109 
Al^ pi, A., Cataldo, F. and Galbato, A., "Ultrasound Cavitation in Sonochemistry: 
Deconqiosition of Carbon Tetrachloride in Aqueous Solutions of Potassium Iodide," 
Ultrasonics, 1992, 30(31148-151. 
Ando, T., Fujita, M., ICinnira, T., Leveque, J.M., Luche, J.L. and Sohm  ^H., 'Mechanism 
of Sonochemical Excitation in the Reactions of Lead Tetraacetate with Some Organic 
Substrates," Ultrasonics Sonochemistry, 1996,3, S223-S227. 
Ando, T. and Kimura, T., "Reactivity and Selectivily in Organic Sonochemical Reactions 
Involving Inorganic Solids," Ultrasonics, Sept. 1990,2  ^326-332. 
Ando, T., Ichihara, J. and Hanafiisa, T., 'XJltrasonic Acceleration of Solid-liquid Two-Phase 
Organic Reactions," Mem. Int. Set. Ind. Res., Osaka Univ., 1985,42,27-39. 
Ando, T., Sumi, S., Kawate, T., Ichihara, J. and Terukiyp, H., "Sonochemical Switching of 
Reaction Pathways in Solid-Liquid Two-Hiase Reactions," J. Chem. Soc., Chem. 
CommuTL, 1984a, 439-440. 
Ando, T., Kawate, T., Ichihara, J. and Hanafiise, T., "Acceleration of Solid-Liquid Two-Phase 
Reaction by Means of Alumina-Water-Ultrasound. A substitute for a Phase Transfer 
Catalyst," Chem. Lett., 1984b, 725-728. 
Anonymous, "Hartweffs Sonochemistry Reactor," The Chemical Engineer, 23 Aug. 1990, 
15. 
Atchley, A. A., Frizzell, L. A., Apfel, R. E., et. aL, "Thresholds for Cavitation Produced m 
Water by Pulsed Ultrasound," Ultrasonics, Sept. 1988,2  ^280-285. 
Berger, H., Dragesser, N., HeumueUer, K, Schaetzer, E., and Wagner, M., '"Reactor for 
Carrying Out Chemical Reactions," U.S. Patent 5,484,573, dated January 16, 1996. 
Berlan, J., Trabelsi, F., Dehnas, EL, WUhehn, A.M. and Petrignani, J.F., "Oxidative 
Degradation of Phenol in Aqueous Media Using Ultrasound," Ultrasonics 
Sonochemistry, 1994,1(2). S97-S102. 
Berlan, J. and Mason, T. J., "Sonochemistry; From Research Laboratories to Industrial 
Plants," Ultrasonics, 1992, 30(4). 203-212. 
Boldyrev, V.V., 'Mechanochemistry and Sonochemistry," Ultrasonics Sonochemistry, 1995, 
2(2). S143-S145. 
Booth, J., Conqtton, R.G., IBB, E., Marken, F. and Rebbitt, T.O., "A Novel Approach for the 
Quantitative Kinetic Study of Reactions at Solid/Liquid hiter&ces in the Presence of 
Power Ultrasound," Ultrasonics Sonochemistry, 1997,4,1-7. 
110 
Boudjouk, P.R. andHan, BJEI, "Organic Sonodieniistry Process," U.S. Patent 4,466,870 
dated August 21, 1984. 
Bremner, D.K, \Gtchell, S.R. and Staines, EL, "Investigation Into the E£  ^of Ultrasound on 
the Dhnerization of Pivafic Acid Using Fenton's Reagent," Ultrasonics Sonochemistry, 
1996,147-52. 
Brenmer, D.H., "Recent Advances in Organic Synthesis Utilizing Ultrasound," Ultrasonics 
Sonochemistry, 1994,1(2). S119-S124. 
Bremner, D.H., "Chemical Ultrasonics," Chem. in Britian, 1986. Mv. 633-638. 
Brohuit, S., "Splitting of the Haemocyanin Molecule by Ultrasonic Waves," Nature, 1937, 
140^549  ^805. 
Brown, H. C. and Racherla, U. S., "Ultrasonics in Organoborane Chemistry. Rapid Synthesis 
of Triorganylboranes via a Modified OrganometaHic Route," Tetrahedron Letters, 1985, 
26(36). 4311-4314. 
Camell, MT., Fiadeiro, P.T. and Emmony, D.C., "Cavitation Phenomena Generated by a 
lithoti^ ter Shock Wave," J. Acout Soc. Am., 1995, 97(1), 677-679. 
Chendke, P. K. and Fogler, HL S, "Variation of Sonohiminescence Intensity of Water with 
liquid Tenq)erature," J. Am. Chem. Soc., 1985, ^  1673-1677. 
Cheung, EL M. and Kunq), S., "Sonochemical Destruction of CFC 11 and CFC 113 in Dilute 
Aqueous Solution," £>n;iro«. Sci. Technol., 1994,28  ^1619-1622. 
Cheung, ELM, Bhatnagar, A., and Jansen, G., "Sonodiemical Distruction of Chlormated 
E[ydrocarbons in Dflote Aqueous Solution," Environ. Sci. Technol., 1991.25. 1510-
1512. 
Qiivate, MM and Pandit, A.B., "Quantification of Cavitation Intensity in Fluid Bulk," 
Ultrasonics Sonochemistry, 1995,2(1), S19-S25. 
Coate, R.B. and Towles, J.T., "bidustrial Waste Water Treatmoit," U.S. Patent 5,466,367, 
dated Nov. 14, 1995. 
Contamine, F., Faid, F., \^ Ihelm, A.M, Berlan, J. and Dehnas, H., "Chemical Reactions 
Under Ultrasound: Discrimination of Chemical and Physical EfiTects," Chem. Eng. Sci., 
1994,49f24Bl 5865-5873. 
I l l  
Comils, B., Bahimaim, BL, Lqips, W. and Konkol, W., "Process for the Production of 
Aldehydes," U.S. Patent 4,616,096, dated October 7, 1986. 
Crum, LA., "Comments on the Evolving Field of Sonochonistry by a Cavitation Physicist," 
Ultrasonics Sonochemistry, 1995,2(2\ S147-S152. 
Crum, L.A., "Rectified DifSision," Ultrasonics, 1984, Sept., 215-223. 
Crum, L. A. and EEansen, G. M., "Generalized Equations for Rectified Diffiision," J. Acoust. 
Soc. Am., 1982, 72(51 1586-1591 
Crum, L. A., "Measurements of the Growth of Air Bubbles by Rectified DiflBision," J. Acoust. 
Soc. Am., 1980, 68(11 203-211. 
Cimi, G., GalH, G., Gallo, R., and Spadaro, A., "Role ofFrequency inthe Ultrasonic 
Activation of Chemical Reactions," Ultrasonics, 1992, 30(41261-110. 
Cum, G., Galli, G., Gallo, R. and Spadaro, A., 'Tenqierature Effects in Ultrasonically 
Activated Chemical Reactions," II Nuovo Cimento, 1990, 12(101 1423-1429. 
Cum, G., GaQo, K and Spadaro, A, "Eflfect of Static Pressure on the Ultrasonic Activation of 
Chemical Reactions. Selective Oxidation at Benzie Carbon in the Liquid Phase," J. 
Chem. Soc. Perhn Trans II, 1988, 375-383. 
Davidson, R. S., Safdar, A., Spencer, J. D., and Robinson, B., "Appfications of Ultrasound to 
Organic Chemistry," Ultrasonics, Jan. 1987, 2  ^35-39. 
de Souza-Barboza, J. C., Petrier, C. and Luche, J. L., "Ultrasound in Organic Synthesis. 13. 
Some Fundamental Aspects of the SonocbemicalBarbier Reaction," J. Org. Chem., 1988, 
53,1212-1218. 
de Souza-Barboza, J. C., Luche, J. L. and Petrier, C., "Ultrasound in Organic Synthesis 11. 
Retention of Optical Activity in Barbier Reactions firom S(+) 2-Octyl Halides. 
Mechanistic Consequences," Tetrahedron Letters, 1987, 2^1812013-2016. 
Dickens, M J. and Luche, J. L., "Further Evidence for the EfiTect of Ultrasonic Waves on 
Electron Transfer Processes - The Case of the Kombtum-Russell Reaction," Tetrahedron 
Letters, 1991, 32(361 4709-4712. 
Diez-Baira, E., de la Hoz, A., et aL, "Ultrasound and Phase Transfer Catafysis withoiit 
Solvent in Elimination Reactions: Synthesis of Cyclic KeteneAcetals," Syrdett, 
November 1992, 893-894. 
112 
Diodad, P., Giamuni, G., ftfiiri, L., Petriilo, C. and Sacdietti, F., "Sonochemical Production 
of a Non-Ciystalline Phase ofPalladiom," Ultrasonics Sonochemistry, 1997, ^  45-48. 
Doktycz, S. J. and SiisEck, K S., "Interpaiticle Collisions Driven by Uhrasoimd," Science, 2 
March 1990, 2£7, 1067-1069. 
Dooher, J., Genbeig, R., Moon, S., Gihnaitin, B., Jakatt, S., Skura, J. and Wright, D., 
"Combustion Studies of Water/Oil Emulsion on a Commercial Boiler Usmg No. 2 CHI and 
Low and EGgh Sul&r No. 6 Cttl," Fuel, 1980, 59(12), 883-891. 
Drivers, D., de Baets, K, de \^ sscher. A., and Van Langenhove, H., "Sonolysis of 
Trichloroethylene in Aqueous Solution: Volatile Organic Intermediates," Ultrasonics 
Sonochemistry, 1996, 3, S83-S90. 
Edwards, P. L. and Jarzynski, J., "Scattoing of Focused Ultrasoimd by Spherical 
Microparticles," J. Acoust Soc. Am., Sept. 1983, 74C31 1006-1012. 
Einhom, J., Einhom, C. and Luche, J. L., "A Mild and Ef&dent Sonochemical tert-
Butoxycarbonyiation of Amines from Their Salts," Synlett, Jan. 1991, 37-38. 
Einhom, C., Emhom, J., Dickens, M J., and Luche, J. L., "Organic Sonochemistiy - Some 
lUustrative Exan l^es of a New Fundamental Approach," Tetrahedron Letters, 1990, 
31(29V 4129-4130. 
Einhom, C., Einhom, J., Luche, J. L., "Sonochemistiy; The Use of Ultrasonic Waves in 
Synthetic Organic Chemistry," Synthesis, Nov. 1989, 787-813. 
Elder, S. A., "Cavitation AGcrostreaming," J Acoust. Soc. Am., 1959, 31, 54-64. 
Elder, S. A, Kolb, J. and W.L. Nyborg., "Small-Scale Acoustic Streaming Effects in Liquids," 
J. Acoust. Soc. Am., 1954,26(5). 933. 
Entezari, M.IL, Kruus, P. and Otson, K, "The Effect of Frequency on Sonochemical 
Reactions III: Dissociation of Carbon Disulfide," Ultrasonics Sonochemistry, 1997,4, 
49-54. 
Entezari, M.H. and Kruus, P., "Effect of Frequency on Sonochemical Reactions XL 
Tenq)erature and Intensity Effects," Ultrasonics Sonochemistry, 1996, 3, 19-24. 
Entezari, M.H. and Kruus, P., "Effect of Frequency on Sonodiemical Reactions I: Oxidation 
of Iodide," Ultrasonics Sonochemistry, 1994,1(2). S75-S79. 
Fadel, A., Canet, J. L. and Slahm, J., "Ultrasound Promoted Ac>doin Condensation and 
CycHzation of Carbo^Qdic EstCTS,"Zeffers, Feb.1990, 89-91. 
113 
Fang, X., Maik, G. and von Sonntag, C., "OH Radical Fonnation by Ultrasoimd in Aqueous 
Solutions. Pait 1: The Chanistiy Underfying the Terephthalate Dosimeter," Ultrasonics 
Sonochemistry, 1996,3, 57-63. 
Faihat, F. and Berchiesi, G., "Sonochemica]]y Induced Reaction between Water and 3-
Chloropropionitrile," Synthetic Sommunications, 1992,22(211 3137-3140. 
Fischer, C. H, Hart, E. J. and Henglein, A., "Uftrasonic Irradiation of Water in the Presence 
of 1®' ^®02: Isotope E^diange and Isotopic Distribution of H2C)2," J- Phys. Chem., 1986, 
90, 1954-1956. 
Htzgerald, M. E., GiifBng, V. and Sullivan, J., "diemical Effects of Ultrasonics - "Hot-Spot" 
Chemistry," J. Chem. Phy., 1956,15(5\ 926-933. 
Flint, E.B. and Suslick, K.S., "The Tenqperature of Cavitation," Science, 1991,253. 1397-
1399. 
Ftynn, HG., "Cavitation Dynamics. L A Mathematical Formulation," J. Acaust. Soc. Am., 
1975. 57. 1379. 
Flynn, H.G., Phvsical Acoustics, vol IB, W.P. Mason, Ed., Academic Press, Inc., New York, 
1964, Ch. 9. 
Francony, A. and Petrier, C., "Sonochemical Degradation of Carbon Tetrachloride in 
Aqueous Solution at Two Frequencies: 20 kHz and 500 kHz," Ultrascnics 
Sonochemistry, 1996,3» S77-S82. 
Frenzel, H and Schukes, H, 'lAunmescenz im mtraschallbeschickten Wasser," Z. Phys. 
Chem., 1934, Band27(Bl 421-424. 
Fuchs, E. and Heusinger, H, '^ onolysis and Radiolysis of C^ceraldehyde in Deaerated 
Aqueous Solution," Ultrasonics Sonochemistry, 1995,2(2). S105-S109. 
Fuentes, A., Marinas, J. M and Sinisterra, J. V., "Catalyzed Synthesis of Chalcones Under 
Ihterfedal Solid-Liquid Conditions With Ultrasound," Tetrahedron Letters, 1987, 28(39). 
4541-4544. 
Gaitan, D. F., Crum, L. A., Church, C. C. and Roy, R. A, "Sonohindnescence and Bubble 
Dynamics for a Single, Stable, Cavitation Bubble," J. Acoust. Soc. Am., 1992,91(6). 
3166-3183. 
Geiar, G.E., "Chemolytic EDTA-Citric Add Conq)osition for Dissohition of Calculi," U.S. 
Patent 4,845,125, dated July 4, 1989. 
114 
Gandhi, KS. and Kumar, K, "Sonodiendcal Reaction Engineering," Sadhana  ^1994, 19(6), 
1055-1076. 
Greenwood, M. S., Mai, J. and Good, M. S., "Attramation Measurements of Ultrasoimd in a 
Kaolin-Water Shirty: A Linear Dependence Upon Frequency," J. Acoust. Soc. Am., 
1993, 94(2), 908-916. 
GrifBng, v., "The Chemical Effects of Ultrasonics," J. Chem. Phys., June 1952, 20(6 V 939-
942. 
Gutierrez, M. and Henglem, A., "Chemical Action of Pulsed Ultrasound: Observation of an 
Ui^ recendented Intensity Effect," J. PJiys. Chem., 1990,94(9), 3625-3628. 
Gutierrez, M, Henglem, A. and Fischer, Ch.-H., "Hot Spot Kinetics of the Sonofysis of 
Aqueous Acetate Solutions," Int. J. Radiat. Biol., 1986, ^  313-321. 
Hagenson L.C. and Doraiswany, L.K, "Use of Ultrasound to Liduce Si^ ersaturation m a 
SoM-Iiquid System," to be submitted for publication, 1998. 
Hagenson, L.C. and Doraiswamy, L.K, "Comparison of the Effects of Ultrasound and 
Mechanical Agitation on a Reacting Solid-Liquid System," Chemical Eng. Sci., accepted 
for publication, 1997. 
Hagenson, L.C., Naik, S.D., and Doraiswamy, L.K, "Rate Enhancem t^s in a Solid-Liquid 
Reaction Usmg PTC, Microphase, Ultrasound and Combinations Thereof" Chem. Eng. 
Sci., 1994, 49(24A), 4787-4800. 
Han, B. H. and Boudjouk, P., "Organic Sonochemisty. Ultrasonic Acceleration of the 
Hydrosilation Reaction," Organometallics, 1983, 2, 769-771. 
Han, B. R and Boudjouk, P., "Organic Sonodiemistry. Sonic Acceleration of the 
Reformatsky Reaction," J. Org. Chem., 1982.47. 5030-5032. 
Han, B. HL and Boudjouk, P., "Organic Sonodiemistry: Ultrasound Promoted Coiq)ling of 
Organic Halides in the Presence of Lithium \^ e," Tetrahedron Letters, 1981, 22(91 
2757-2758. 
Hanafiisa, T., Ichihara, J. and Ashida, T., "Useful Synthesis of a-Aminonitriles by Means of 
Alumina and Ultrasound," Chemistry Letters, 1987, 687-690. 
Harker, A. H. and Tenqjle, J. A. G., "Velocity and Attenuation of Ultrasound in Su^ensions 
of Particles in Fhiids,"/. Phys. D: Appl. Phys., 1988, 21, 1576-1588. 
115 
Halt, £. J., Hscher, C. H., and Henglein, A., "Pyrolysis of Ace^ene in Sonofytic Cavitation 
Bubbles in Aqueous Solution," J. Phys. Chem., 1990, f94V 284-290. 
Hart, £. J. and Henglein, A., "Sonolysis of Ozone in Aqueous Solution," J. Pf^ s. Chem., 
1986a, 90, 3061-3062. 
Hart, £. J. and Henglein, A., "Sonolytic Decoiiq>osition of l^ ous Oxide in Aqueous 
Solution,"/. Phys. Chem., 1986b, 90, 5992-5995. 
Hart, £. J. and Henglein, A., "Free Radical and Free Atom Reactions in the Sonolysis of 
Aqueous Iodide and Formate Solutions,"/. Phys. Chem., 1985, ^  4342-4347. 
Harvey, £.N., Bames, D.K, Mc£lroy, W.D. ,\Vliitety, A.H., Pease D.C. and Cooper KW., J. 
Cell Camp. Physiol., 1944, 2  ^1. 
Hatate, Y., Ikeura, T., Shinonome, M., Kondo, K and Nakashio, F., "Su^ension 
Polymerization of Styroie Under Ultrasonic Irradiation," J. Chem. Eng. Jcpm, 1981, 
140138-43. 
Henglein, A., ''Chemical Effects of Continuous and Pulsed Ultrasound in Aqueous Solutions," 
Ultrasonics Sonochemistry, 1995,2(2). S115-S121. 
Henglein, A, Herburger, D. and Gutierrez, M, "Sonochemistry: Some Factors That 
Determine the Ability of a Liquid to Cavitate in an Ultrasonic Field, " J. Phys. Chem., 
1992,9  ^1126-1130. 
Henglein, A. and Gutioxez, M., "Sonolysis of Pofymers in Aqueous Solution. New 
Observations on Pyrofysis and Mechanical Degradation," J. Phys. Chem., 1988, 92, 3705-
3707. 
Henglein, A., "Sonochemistry: Historical Developments and Modem Aq)ects," Ultrasonics, 
Jan. 1987, 25, 6-16. 
Henglem, A. and Konnann, C., "Scavenging of OH Radicals Produced in the Sonolysis of 
Water,"//!/. J. Radiat. Biol., 1985, 48(2), 251-258. 
Henglem, A., "Sonolysis of Carbon Dioxide, I^ous Oxide and Methane in Aqueous 
Sohition," Z. Naturf., 1985,40b, 100-107. 
Ifickling, K, "Effects of Thermal Conduction in Sonohmnnescence,"/. Acoust. Soc. Am., 
1963, 35, 967-974. 
116 
Hirai, K, Nagata, Y. and Maeda, Y., "Decomposition of Qilorofluoiocaibons and 
HydroiBaorocaibons in Water by Ultrasonic Inadiation," Ultrasonics Sonochemistry, 
1996,3, S205-S207.. 
HofSnann, M.R., L, and Hochemer, R., "Application of Ultrasonic Irradiation for the 
Degradation of Chemical Contaminants in Water," Ultrasonics Sonochemistry, 1996, 3, 
S163-S172. 
Homer, J., Howard, M. J. and Gooda, S., "Effect of Ultrasoimd on Molecular Mobility in 
Certain Crystalline Conq)ounds," Ultrasonics Sonochemistry, 1995, 2(2). S71-S74. 
Horton, A. M., Hollin^ead, D. M. and Ley, S. V., 'Te2(C0)» in Tetrahydrofiiran or Under 
Sonochemical Conditions as Convenient Practical Routes to 7C-all^ ^carbon>4iron Lactone 
Conq)lexes," Tetrahedron, 1984,40(10). 1737-1742. 
I^micke, R. L., "Industrial .^ )plications of Power Ultrasound for Chemical Reactions," 
Ultrasonics, Sept. 1990,28,291-294. 
Ibisi, M. and Brown, B., "Variation of the Relative Intensity of Cavitation with XeiDperature," 
J. Acoust. Soc. Am., 1967,41(3). 568-572. 
Jadhav, S. V. and Pangarkar, V. G., "Gas-liquid and Solid-Liquid Mass Transfer in Three-
Phase Sparged Reactors With and Without Ultrasound," J. Am. Oil Chem. Soc., 1989, 
66(3V 362-364. 
Jana, A.K and Chattegee, S.N., "Estimation of Hyrdro^gi Free Radicals Produced by 
Ultrasound in Fricke Solution Used as a Chonical Dosimeter," Ultrasonics 
Sonochemistry, 1995,2(2). S87-S91. 
Javed, T., Mason, T.J., ^ ull, S.S., Baker, N.K and Robertson, A., 'Influence of Ultrasound 
on the Diels-Alder Cyclization Reaction: Synthesis of Some Hydroquinone Derivatives 
and Lonapalene, and Anti-Psoriatic Agent," Ultrasonics Sonochemistry, 1995. 2(1). S3-
S4. 
Joshi, V.K and Parekh, J.C., "Methods for Preparing Basic Aluminum Confounds with 
Ultrasound," U.S. Patent 5,254,230, dated Oct 19, 1993. 
Jouglet, B., Blanco, L. and Rousseau, G., "New Method for the Reaction of Nitroalkanes with 
Unsaturated ESICTS," Synlett, Dec. 1991, 907-908. 
Kamath, V., Pro^eretti, A. and Egolfopoulos, F. N., "A Theoretical Study of 
Sonohmnnescence," J. Acoust Soc. Am., 1993, 94(1). 248-260. 
117 
ICetler, JJB. and Miksis, M, 'bubble Oscillations of Large Amplitude," J. Acoust. Soc. Am., 
1980, 6  ^628. 
Khoroshev, G.A., "Collapse of Vapor-Air Cavitation Bubbles," Sav. Phys. -Acoustics, 1963, 
9(3). 275-279. 
Khurana, J. M., Sahoo, P. K and Maikap, G. C, "Sonochemical Esterification of Carboxylic 
Adds in the Presence of Su^huric Add," Synthetic Commumcations, 1990, 20(15). 
2267-2271. 
Ivimura, T., Sakamoto, T., Leveque, J.M., Sohm  ^H., Fujita, M., Ikeda, S. and Ando, T., 
"Standardization of Ultrasonic Power for Sonochemical Reaction," Ultrasonics 
Sonochemistry, 1996,3, S157-S161. 
Kirk-Otbmer Encyclopedia nf Chemical Technology. 3rd Ed., v23, John Wiley & Sons, N.Y., 
1983, 462-490. 
IQein, KD., Knott, W., and Koemer, G., "Method for the Synthesis of Silanes or 
Organosilicon Hydrides by the Reduction of the Corre^onding SiHcon Hafides or 
Qrganosilicon Halides," U.S. Patent 5,455,367, dated October 3, 1995. 
Koda, S., Amano, T. and Nomura, H., "Copolymerization of Sodium Styrene Su^honate and 
\%iy^yirolidone Under Ultrasonic Irradiation," Ultrasonics Sonochemistry, 1996, 3, 
S91-S95. 
Koda, S., Suzuki, A. and Nomura, H., "Uttrasonic Polymerization of Poly(viny^yrrolidone)," 
Polymer Journal, 1995,27(11). 1144-1146. 
Kondo, T., Nfisik, V. and Riesz, P., "Sonochemistry of Cytochrome c. Evidence for 
Superoxide Formation by Ultrasound in Argon-Saturated Aqueous Solution," Ultrasonics 
Sonochemistry, 1996,3, S193-S199. 
Kondo, T., Krishna, C. M. and Riesz, P., "Sonofysis of Concentrated Aqueous Solutions of 
Nonvolatile Solutes: Spin Trapping Evidence for Free Radicals Formed by Pyrolysis," 
Radiat. Res., 1989a. 118. 221-229. 
Kondo, T., Krishna, C. M. and Riesz, P., "Pyrolysis Radicals Formed by Ultrasound in 
Aqueous Solutions of Nucleotides: A Spin-Trapping Study,"/«/. J. Radiat. Biol., 1989b, 
57, 23-33 
Kondo, T., Krishna, C. M. and Riesz, P., "Effect of Non-Volatile Scavengers of Hydroxyl 
Radicals on Thymine Radical Formation Induced by Gamma-Rays and Ultrasound," Int 
J. Radiat. Biol, 1988a, 53(6). 891-899. 
118 
Kondo, T., Kiisfana, C. M. and Riesz, P., 'Tree Radical Goieratian by Ultrasoiind in Aqueous 
Sohitians of Nucleic Add Based and Nucleosides: An £SR and Spin-Trapping Study," 
Ira. J. Radiat. Biol., 1988b, 53, 331-342. 
Kost, J. and Langer, R.S., "Ultrasoimd Enlianceinent of Membrane Permeability," U.S. 
Patent 4,780,212, dated October 25, 1988. 
Kotronarou, A, &GI1S, G. and HofiSnann, M. R., "Decomposition of Parathion in Aqueous 
Solution by Ultrasonic Irradiation," Erzviro/z. Sci. Technol., 1992a. 26.1460-1462. 
Kotronarou, A, Mills, G. and Hoffinami, M. R., "Oxidation of Hydrogen Sulfide in Aqueous 
Solution by Ultrasonic Irradiation," i£nv/ro«. Sci. Technol., 1992b, 2  ^2420-2428. 
Kotronarou, A, Mills, G. and Hoffinann, M. R., ''Ultrasonic Irradiation of/^ Nitropbenoi in 
Aqueous Solution," J. Phys. Chem., 1991, 95, 3630-3638. 
Krishna  ^C., Lion, Y., and Kondo, T., "Thermal Deconposition of Methanol in the Sonofysis 
of Methanol-Water Mixtures. Spin-Trappiag Evidence for Isotope Exdiange Reactions," 
J. Phys. Chem., 1987, 91, 5847-5850. 
Kristol, D. S., Klotz, EL, and Parker, K C., "The Effect of Ultrasound on the Alkaline 
Hydrolysis of Nitrophenyl Esters," Tetrahedron Letters, 1981, 22, 907-908. 
Kruus, P. and Patraboy, T. J., "Initiation of Pofymeiization with Ultrasound in Methyl 
Methacrylate," J. Phys. Chem., 1985. 89. 3379-3384. 
Lee, J. and Snydo", J. K, "Ultrasound Promoted Diles-Alder Reactions; Synthesis of 
Tanshinone HA, Nortan i^inone, and (±)-TandiindiolB,"y. Am. Chem. Sac., 1989, 111. 
1522-1524. 
Leighton, T.G., "Bubble Population Phenomena in Acoustic Cavitation," Ultrasonics 
Sonocherrustry, 1995,2(2). S123-S136. 
Lepoint-Mullie, F., De Pauw, D. and Lepoint, T., "Anatysis of the 'New Electrical Model' of 
Sonohmmescence," Ultrasonics Sonochemistry, 1996, 3, 73-76. 
Lewis, T. J., Barnes, C. and van der Shijis, M. J., "Simulated Ultrasound Adsorption in 
Liquids," J. Acoust. Soc. Am., 1991, 89(6), 2715-2724. 
Ley, S.V. and Low, C.MR., Ultrasound in Synthesis. Springer-Verlag, Berlin, 1989. 
Li, J., Li, L., Li, T., Li, HL and Lm, J., "An Ef&dent and Convenient Procedure for the 
Synthesis of 5,5-Disubstituted Hydantoins Under Ultrasound," Ultrasonics 
Sonochemistry, 1996, 3, S141-S143. 
119 
Lickiss, P.D. and McGiath, V.E., "Breaking the Sound Barrier," Chem. in Britain, 1996, 
March. 47-50. 
Lie Ken Jie, M.S and Lam, C.K., "Ultrasound-Assisted E^^oxidation Reaction of Long-
Chain Unsaturated Fatty Esters," Ultrasonics Sonochemistry, 1995,2(1). S11-S14. 
Lin, Q., Zhang, Y., Zhang, C., Song, W. and Qhi, Q., "The Appfication of Ultrasound to the 
DiallQtoion and Cyclodialkylation of Ethyl Cyanoacetate Under Solid-Liq  ^Phase 
Transfer Conditions," Chin. Chem. Lett., 1991.2(1\ 517-20 (Eng.). see also Chem. 
Abst., 1992. 116.193753t. 
Lindley, J., Lorimer, J. P., and Mason, T. J., "Sonochemicafly Enhanced Ullmami Reactions," 
Ultrasonics, Jan. 1987a, 25,45-48. 
Lmdley, J and Timothy, J. ML, "Sonochemistry: Part 2 - Synthetic Applications," Chem. Soc. 
Rev., 1987b. 16.275-311. 
Lorimer, J.P. and Mason, T. J., "Some Recent Studies at Coventry University Sonochemistry 
Centre," Ultrasonics Sonochemistry, 1995,2(2). S79-S86. 
Lorimer, J. P., Mason, T. J. and Fiddy, K, "Enhancement of Chemical Reactivity by Power 
Ultrasound: An Alternative Interpretation of the Hot Spot," Ultrasonics, 1991,29(4). 
338-343. 
Lorimer, J. P. and Timothy, J. M, "Sonochemistry: Part 1-The I%ysical Aspects," Chem. 
Soc. Rev., 1987,16(1). 239-274. 
Lorimer, J.P. and Mason, T.J., "Eflfect of Ultrasonic Irradiation on the Solvolysis of 2-Chloro-
2-methy^ropane in Aqueous EthanolMxtures,"/.C.jS'. Chem, Comm., 1980,1135-1136. 
Low, C.M.R, "Ultrasoimd in Synthesis: Natural Products and Supersonic Reactions?," 
Ultrasonics Sonochemistry, 1995, 2(2). S153-S163. 
Luche, J.L., "Synthetically Useful Sonochenrical Reactions in Solution," Ultrasonics 
Sonochemistry, 1996, 3, S215-S221. 
Luche, J.L., "Eflfect of Ultrasound on Heterogeneous Systems," Ultrasonics Sonochemistry, 
1994. 1(2). S111-S118. 
Luche, J. L., "Developments of the New 'Experimental Theory' of Sonochemistry Initiated in 
Grenoble," Ultrasonics, 1992. 30(3). 156-161. 
120 
Ludie, J. L., Einhom, C., Einhoni, J. and Sinistena-Gago, J. V., "Organic Sonochemistry: A 
New Inteipretation and Its Conseqences," Tetrahedron Letters, 1990a, 31(29). 4125-
4128. 
Lache, J. L., Einhom, C., Einhom, J. et al., 'UltrasQiiic Waves as Promoters of Radical 
Preocesses in Oiemistry: the Case of Organometalfic Reactions," Ultrasonics, 1990b, 
28(5). 316-321. 
Luche, J. L., de Souza-Baiboza, J. C. andPetrier, C., "Ultrasoiind in Organic Synthesis 11. 
Retention of Optical Activity in Baifoier Reaction From S(+) 2-Octyi Hahdes. Mechanistic 
Consequences," Tetrahedron Letters, 1987a, 28(18). 2031-2016. 
Luche, J. L.and The Sonochemistty Groiq>, "Organometalfic Sonochemistry: Successes, 
Problems, and By-products," Ultrasonics, Jan. 1987b, 25, 40-44. 
Luche, J. L. and Danriano, J. C., "Ultrasounds in Organic Synthesis. 1. Effect on the 
Formation of Lithhun Organometalic Reagents," J. Am. Chem. Soc., 1980, 102. 7926-
7927. 
Lukevics, E., Dimens, V. V., Goldberg, Y. S., et. aL, "A Novel Synthesis of Sificon-
Containing Aziridines," J. Organometallic Chem., 1984,268. C29-C32. 
Madanshetty, S. L and Apfel, R. E., "Acoustic Microcavitation: Enhancement and 
^pfications," J. Acoust. Soc. Am., Sept. 1991, 90(3). 1508-1514. 
Madigan, N. A, Hagan, K S., Zhang, H. Coury, L.A., "Effects of Sonication on Electrode 
Sur&ces and Metal Particles," Ultrasonics Sonochemistry, 1996,3, S239-S247. 
Madison, S.A, Koek, J.H., E^uis, J.J.W., and Potman, R.P., "Preparation of Organic 
Macrocycfic Confounds," U.S. Patent 5,326,861, dated Jufy 5, 1994. 
Makino, K, Mossoba, M M and Riesz, P., "Chemical Effects of Ultrasound on Aqueous 
Solutions. Formation of Hydroxyl Radicals and Hydrogen Atoms," J. Phys. Chem., 1983, 
87, 1369-1377. 
Makino, K, Mossoba, M M and Riesz, P., "Chemical Effects of Ultrasound on Aqueous 
Solutions. Evidence for -OH and -Hby Spin Trapping,"/. Am. Chem. Soc., 1982, 104. 
3537-3539. 
Margufis, MA, "Fundamental Problems of Sonochemistiy and Cavitation," Ultrasonics 
Sonochemistry, 1994, 1(2). S87-S90. 
Margufis, M A, 'Tundamoital Aspects of Sonochemistry," Ultrasonics, 1992, 30(3). 152-
155. 
121 
MarguHs, M. A., "Sonohimiiiesc^ce and Sonoctiemical Reactions in Cavitation Helds. A 
Review," Ultrasonics, 1985,23, 157-169. 
MarguUes, T. S. and Schwaiz, W. H., "Soimd Wave Propagation in Fhnds with Coiq)led 
Chemical Reactions," J. Acoust. Soc. Am., 1985,78(21 605-615. 
Martin, C.J. and Law, A.N.R, "The Use of Thermistor Probes to Measure Energy 
Distribution in Ultrasound Fields," Ultrasonics, 1980, May, 127-133. 
Mason, T.J., Newman, A., Lorimer, J.P., Lindl^ , J. and Hutt, K, 'TJltrasonically Assisted 
Cata^ c Deconsposition of Aqueous Sodium Hypochlorite," Ultrasonics Sonochemistry, 
1996a, 3, 53-55. 
Mason, T.J., Paniwnyk, L. and Lorimer, J.P., "The Uses of Ultrasound in Food Technology," 
Ultrasonics Sonochemistry, 1996b, 3, S253-S260. 
Mason, T.J., Lorimer, J.P., Bates, D.M and Zhao, Y., 'Dosimetry in Sonochemistry: The 
Use of Aqueous Terephthalate Ion as a Flouresceace Monitor," Ultrasonics 
Sonochemistry, 1994, l(2i S91-S95. 
Mason, T.J., "Sonochemistry: Current Trends and Future Proq)ects," contained within 
Current Tends in Sonochemistry. ed. by G.J. Price, Royal Society of Chemistry, 
Cambridge, 1992a. 
Mason, T. J., "Industrial Sonochemistry: Potential and Practicality," Ultrasonics, 1992b, 
30(3). 192-196. 
Mason, T.J. and Berlan, J., "Ultrasomid in Industrial Processes: The Problems of Scale-up," 
contained within Current Taids in Sonochenristrv. ed. by G.J. Price, Royal Society of 
Chemistry, Cambridge, 1992, 148-157. 
Mason, T. J., Lorimer, J. P. and Bates, D. M, "Quantifying Sonochemistry: Casting Some 
light on a 'Black Art'," Ultrasonics, 1992,30fl\ 40-42. 
Mason, T. J., Practical Sonochenristrv: User's Guide to Applications in Chemistrv and 
Chfflttrical Fnpineerifig. £]]is Horwook Limited, England, 1991. 
Mason, T. J., Chenristrv With TTItrasound: Critical Reports on Applied Chemistrv Vnhime 28, 
Elsevier implied Science, New York, 1990a. 
Mason, T. J., Sonocheroistry The Uses of Ultrasound in Chemistrv. Royal Society of 
Chemistry, Cambridge, 1990b. 
122 
Mason, T.J., "A Survey of Commercially Available Souices ofUltTasoimd Suitable for 
Sonochemistry," contained within Sonochemistry: Hie Uses of Ultrasoimd in Chemistrv. 
ed by T. J. Mason, Royal Society of Chemistiy, Cambridge, 1990c, 64. 
Mason, T. X, Lorimer, JJ., Paniwn^  ^L., Harris, A ,^ Wdght, P.W., Bram, G., Loiq)y, A., 
Feiradou, G., and Sansoulet, J.., "The oADcjdation of 5-Hydro7Qr Chromones. A 
Conqiarison of Two Non-Classical Techniques. PTC in the Absence of Solvent and 
Sonochemical Activation in Polar Aprotic Solvents," Synth. Comntu., 1990c, 20(22). 
3411-3420. 
Mason, T. J., Lorimer, J. P. and Walton, D. J., "Sonoelectrochemistry," Ultrasonics, 1990d, 
28f5V 333-337. 
Mason, T. J. and Lorimer, J. P., "An Litroductionto Sonochemistry," Endeavour, New Series, 
1989, 13(3X 123-128. 
Mason, T. J., "Use of Ultrasound in Chemical Synthesis," Ultrasonics, Sept. 1986,24, 245-
253. 
Mason, T. J., Lorimer, J. P and Mistiy, B. P., "The Effect of Ultrasound on the Solvolysis of 
2-Chloro-2-Meth>d^ropane in Aqueous Ethanol," Tetrahedron, 1985,41(22). 5201-5204. 
Menendez, J.C., Trigo, G.G., and SoUhuber, MM, "The Application of Ultrasound to the 
Strecker Synthesis on 9,10-Dnnethojg^-l,3,4,6,7,llb-hexahydrobenzo[a]quinolizin-2-
one," Tetrahedron Letters, 1986, 27(28). 3285-3288. 
Miethchen, K, "Selected Applications of Sonochemistry in Organic Chemistry," Ultrasonics, 
1992, 30(3). 173-179. 
MiDs, A. and Holland, C., "Effect of Ultrasound on the Kinetics of Oxidation of Octan-2-ol 
and Other Secondary Alcohols with Sodium Bromate, Mediated by Ruthenium Tetraoxide 
in a B^hasic Systan," Ultrasonics Sonochemistry, 1995,2(1). S33-S38. 
Mills, A., Li, X. and Meadows, G., "Effect of Ultrasound on the IQnetics of Reduction of 
Hexacyanoferrate(in) by Thiosul&te Ions Mediated by Ruthenium Dioxide Hydrate," 
Ultrasonics Sonochemistry, 1995,2(1). S39-S41. 
Nfisik, V. and Riesz, P., "EPR Study of Free Radicals Induced by Ultrasound in Organic 
Liquids DL Probing the Ten e^ratures of Cavitation Regions," Ultrasonics Sonochemistry, 
1996a, 3, 25-37. 
^Gsik, V. and Riesz, P., "Recent Applications of EPR and Spin Trapping to Sonochemical 
Studies of Organic Liquids and Aqueous Sohitions," Ultrasonics Sonochemistry, 1996b, 
3, S173-S186. 
123 
MLsik, v., Miyo  ^N. and Riesz, P., "EFR Spin-Tn i^ng Study of the Sonolysis of H2O/D2O 
IVfixtures: Probing Temperatures of Cavitation Regions,"/. Phys. Chem., 1995, 99,3605-
3611. 
Moon, S., "Soimd Chemistry," Chemtech, July 1987,434-437. 
Moon, S., Duchin, L and Cooney, J. V., 'V^Hcation of Ultrasomid to Organic Reactions: 
mtrasonic Catalysis on Hydrolysis of Caibo?QrHc Add Esters," Tetrahedron Letters, 
1979, 41, 3917-3920. 
Moulton, K. J., Koritala, S., and Wamer, K, Continuous Ultrasonic Hydrogenation of 
Soybean (ML IL Operating Conditions and Oil Quality," JAOCS, 1987, 64(4). 542-547. 
Mouhon, K J., Koritala, S. and Frankel, E. N., "Ultrasonic Hydrogenation of Soybean Oil," 
JAOCS, 1983, 60f7V 1257-1258. 
Nakamura, E., Machii, D. and Lmbushi, T., "Homogeneous Sonochemistry in Radical Chain 
Reactions. Sonoch c^al Hydrostannation and Tin Hydride Reduction," JAm. Chem. 
Soc., 1989. 111. 6849-6850. 
Naude C.F. and ElUs A.T., "On the Mechanism of Cavitation Damage by Non-Hemispheiical 
Cavities in Contact with a Sofid Boundary," Trans. ASME J. Basic Eng, 1961. 83. 648-
656. 
Nebois, P., Bouaziz, Z., FiHion, H, Moeini, L., AureJlPiquer, M.J., Luche, J.L., Riera, A., 
Moyano, A. and Pericas, M.A., "The Diels-Alder Cycloaddition, an Intriguing Problem in 
Organic Sonochemistry," Ultrasonics Sonochemistry, 1996, 3, 7-13. 
Neppiras, E.A., "Acoustic Cavitation," Rep,, 1980, 61(3), 159-251. 
NolthigkB.E. and Neppiras, E.A., "Cavitation produced by ultrasonics,"/Voc. Phys. Sac., 
1950, 6  ^674-685. 
Nomura, H, Koda, S., Yasuda, K and Kojima, Y., "Quantification of Ultrasonic Intensity 
Based on the Deconq)osition Reaction of Porphyrin," Ultrasonics Sonochemistry, 1996, 
3, S153-S156. 
Okitsu, K, ^ Gzukoshi, Y., Bandow, HL, Maeda, Y., Yamamoto, T. and Nagata, Y., 
"Formation of Noble Metal Particles by Ultrasonic Irradiation," Ultrasonics 
Sonochemistry, 1996, 3, S249-S251. 
Ondrqr, G., Kim, L and Parkmson, G., "Reactors for the 21st Century," Chem Eng., 1996, 
June. 39-45. 
124 
Osborne, A. G., Oass, K J. and Staley, M. L., "Ultrasound Promoted Coiq)]ing of Heteroaryl 
Halides in the Presence of Lithium Wire. Novel Formation of Isomeric Bipyridines in a 
Wurtz-Type Reaction," Tetrahedron Letters, 1989. 30(27). 3567-3568. 
Pandit, A.B. and Moholkar, V.S., "Harness Cavitation to Iiiq>rove Processmg," Chenu Eng. 
Progress, 1996. Jiilv. 57-68. 
Pandit, A. B. and Jo  ^J. B., "Hydrolysis of Fatty Oils: Effect of Cavitation," Chemical 
Engineering Science, 1993,48£19), 3440-3442. 
Perldns, J.P., "Power Ultrasound," contained within SonnchemigfTy The Uses of Ultrasound 
in rhenrifitrv. ed. by T.J. Mason, Royal Society of Chemistry, Cambridge, 1990,47-59. 
Petrier, C., Reyman, D., and Luche, XL., "|3-Carboline as a Probe for the Sonolysis of 
Alcohols and Chloromethanes," Ultrasonics Sonochemistry, 1994,1(2). S103-S105. 
Petrier, C., Micolle, M., and Merlin, &, "Characteristics of Pentachlorophenate Degradation 
in Aqueous Solution by Means of Ultrasound," Environ. Sci. TechnoL, 1992a, 2  ^1639-
1642. 
Petrier, C., Jeunet, A., and Luche, J.L., "Unejqpected Frequency Effects on the Rate of 
Oxidative Processes Induced by Ultrasound," J. Am. Chem. Soc, 1992b, 114(8). 3148-
3150. 
Petrier, C. and Luche, J. L., "Ultrasonically Improved Reductive Properties of an Aqueous 
Zn-NiClj System - 1. Selective Reduction of oc,P - Unsaturated Carbonji Compounds," 
Tetrahedron Letters, 1987a, 28(21). 2347-2350. 
Petrier, C. and Luche, J. L., "Ultrasonically Improved Reductive Properties of an Aqueous 
Zn-NiCk System - 2. Regioselectivrty in the Reduction of (-)-Carvone," Tetrahedron 
Letters, 1987b, 28(21). 2351-2352. 
Polackova, V., Tomova, V., Elecko, P. and Toma, S., "Ultrasound-Promoted Cannizzaro 
Reaction Under Phase Transfer Conditions," Ultrasonics Sonochemistry, 1996, 3, 15-17. 
Portenlanger, G. and Heusinger, H, "Pofymer Formation from Aqueous Solutions of a-D-
ghicose by Ultrasound and y-rays," Ultrasonics Sonochemistry, 1994. 1(2). S125-S129. 
Prasad Naidu, D. V., Rajan, K, Kumar, K, Gandhi, K S., Arakeii, V. H and 
Chandrasekaran, S., "Modeling of a Batch Sonochemical Reactor," Chemical 
Engineering Science, 1994,49(6). 877-888. 
125 
Price, GJ., "Ultrasonically Enhanced Pofymer Synthesis," Ultrasonics Sonochemistry, 1996, 
3, S229-S238. 
Price, GJ., Cmrent Tends in Sonochemistry. Royal Society of Chendstiy, Cambridge, 1992. 
Price, G.J., Daw, MJL, Newcombe, N.J. and Smith, P.F., "Pofymerization and 
Copofymerization Using High Intensity Ultrasoimd," British Polymer Journal, 1990, 23, 
63-66. 
Proq>eretti, A., Cium, L.A-, and Commander, KW., "Nonlinear Bubble Dynamics," J. 
Acoust. Soc. Am., 1986, ^  502. 
Piigin, B., "Qualitative Characterization of Ultrasound Reactors for Heterogeneous 
Sonochemistry," Ultrasonics, Jan. 1987, 2  ^49-55. 
Ragaini, V., "Method for Conducting Chemical Reactions in Polyphase Systems," U.S. 
Patent 5,108,654, dated April 28, 1992. 
Rayleigh, Lord (Strutt, John ^ ^ l^Uam), "On the Pressure Developed in a Liquid During the 
Collapse of a Spherical Cavity," Philos. Mag. Ser 6,1917, 34C200). 94-98. 
Ratoarinoro, N., Contamine, P., \^ ^e]m, A. M., Berlan, J. and Dehnas, H., "Power 
Measurement in Sonochemistry," Ultrasonics Sonochemistry, 1995a, 2(1). S43-S47. 
Ratoarinoro, N., Contamine, F., WUhefan, A. M., Berlan, J. and Dehnas, H., "Activation of a 
Solid-Liquid Chemical Reaction by Ultrasound," Chemical Engineering Science, 1995b, 
50(3). 554-558. 
Ratoarinoro, N., Wilhelm, A. M, Berlan, J. and Dehnas, H., "Effects of Ultrasound Emitter 
Type and Power on a Heterogoieous Reaction," Chem, Eng. Journal, 1992, ^  27-31. 
Reisse, J., Caulier, T., Deckerkheer, C., Fabre, O., Vandercammen, J., De l^ancke, J.L. and 
Winand, R., "Quantitative Sonochemistry," Ultrasonics Sonochemistry, 1996, 3, S147-
S15L 
Renaudin, V., Gondrexon, N., Boldo, P., Petrier, C., Bemis, A. and Gonthier, Y., "Method 
for Determining the Chemically Active Zones in a EQgh-Frequency Ultrasonic Reactor," 
Ultrasonics Sonochemistry, 1994, 1(2). S81-S85. 
Repic, O., Lee, P. G. and Giger, U, "Large Scale Cyclopropanation," Organic Preparations 
and Procedures Int., 1984, 16(1). 25-30. 
Repic, 0. and Vogt, S., "Ultrasound in Organic Synthesis: Cyclopropanation of Olefins with 
2nc-Diiodomethane," Tetrahedron Letters, 1982, lZiTl\ 2729-2732. 
126 
Richards, W.T. and Loomis, A.L., "The Chemical Effects of Frequency Sound Waves L 
APreHminaiy Study," J. Am. Chem. Soc., 1927,49,3086-3100. 
Riesz, P., Kondo, T. and Krishna, C., ''Sonochemistry of Volatile and Non-Volatile Solutes in 
Aqueous Solutions: E J>.R. and Spin Tricing Studies," Ultrasonics, Sept. 1990. 28. 
295-303. 
Romenslrii, A.V., Popik, LV., Loboiko, A.Y., and Atroshchenko, V.L, Khim. Tekhnol. 
(Kiev), 1985,_1, 21-23 (Russian); Chem. Abst. 120614z, 1985, 102,467. 
Sdumd, G. and Rommel, O., "Zerreifien von Makromolekulen mit Ultrasdiall," Z Phys. 
Chem, 1939, Band 185fAl 97-139. 
Schultz R. and Henglein A., Z Naturforsch, 1953, 8  ^160. 
Sdigal, C., Yu, T. J., Sutherland, R. G. and Verrall, R. E., "Use of 2,2-D^henylrl-
picrylhdraz)! to Investigate the Chemical Behavior of Free Radicals Mduced by Ultrasonic 
Cavitation," J. Pf^ s. Chem., 1982. 86.2982-2986. 
Sehgal, C. M. and Wang, S. Y., 'Threshold lateosities and Kmetics of Sonoreaction of 
Thymine in Aqueous Solutions at Low Ultrasonic Intensities," J. Am. Chem. Soc., 1981, 
103. 6606-6611. 
Seghal, C., Sutherland, R. G. and Verrall, K E., "Cavitation Induced Oxidation of Aerated 
Aqueous Fe  ^Solutions in the Presence of Aliphatic Alcohols," J. Phys. Chem., 1980, 84, 
2920-2922. 
Sehgal, C., Steer, R. P., Sutherland, R. G. and Verrall, R. E., "Sonohmiinescence of Aqueous 
Solutions,"/. Phys. Chem., 1977. 81(26). 2618-2620. 
Shirgaonkar, IZ. and Pandit, A.B., "Sonochenncal Effects in a Siq)plementary Role," 
Ultrasonics Sonochemistry, 1996, 3, S135-S139. 
Sinisterra, J. V., "Application of Ultrasound to Biotechnology: an Overview," Ultrasonics, 
1992, 30(3). 180-185. 
Soudagar, S.R. and Samant, S.D., "Investigation of Ultrasound Catalyzed Oxidation of 
Arylalkanes Using Aqueous Potassium Permanganate," Ultrasonics Sonochemistry, 
199Sa. 2(1). S15-S18. 
Soudagar, S.R. and Samant, S.D., "Semiquantitative Characterization of Ultrasonic Cleaner 
Using a Novel Piezoelectric Pressure Intensity Measurement Probe," Ultrasonics 
Sonochemistry, 1995b. 2(1). S49-S53. 
127 
Stehunetz, G.K and Matosky, A. J., "Process for the Preparation of Aromatic Caiboxjdic Add 
Esters," U.S. Patent 5,233,075, dated Aug. 3, 1993. 
Siqiersaxo, A. and Kou, J.H., "Controlled Delivery of Fhaimaceuticals from Preformed 
Porous Polymeric Mcroparticles," U.S. Patent 5,470,582, dated Nov. 28, 1995. 
Suslick, KS. and Kemper, KA., in: Bubble Dvnamics and Interface Phenomena. Ed. by J.R. 
Blake, Khiwer Academic Publishers, Dordrecht, Netherlands, 1994. 
Suslick, K S., "Sonochendstry," Science, 23 March 1990, 247. 1439-1445. 
Suslick, K S. and Doktycz, S. J., "Sounding Out New Chemistry," New Scientist, 1990, 125, 
50-53. 
Suslick, K S., Doktycz, S. J. and Flint, £. B., "On the Origin of Sonohuninescence and 
Sonochendstry," Ultrasonics, 1990,28(4). 280-290. 
SusKck, K S., "The Chemical Effects of Ultrasound," Scientific Ameriam, Feb. 1989, 80-86. 
Suslick, K S., Ultrasound: Its ChemdaL Physical and Biological Effects. VCH Publishers, 
New York, 1988. 
Suslick, K. S. and Casadonte, D. J., "Heterogeneous Sonocatalysis with Mckel Powder," J. 
Am. Chem. Soc., 1987,109, 3459-3461. 
Suslick, K S., Casadonte, D. J., Green, M. L. EL and Thompson, M. E., "Effects of 
Intensity Ultrasoimd on Morganic SoHds, " Ultrasonics, Jan. 1987,2  ^56-59. 
SusEck, K. S., "OrganometaOic Sonodiemistry," Adv. Orgartometallic Chem., 1986, 25, 73-
119. 
Suslick, K. S. and Hammerton, D. A., "The Site of Sonochemical Reactions," IEEE 
Transaction on Ultrasonics, Ferroelectrics and Frequency Control, 1986, UFFC-33(2). 
143-147. 
Suslick, K S., Hammerton, D. A and Raymond, E. C., "The Sonochemical Hot Spot," J. Am. 
Chem. Soc., 1986, 108, 5641-5642. 
Sushck, K S. and Johnson, R. E., "Sonochemical Activation of Transition Metals," J. Am. 
Chem. Soc., 1984, 10  ^6856-6858. 
Suslick, K S., Gawienowski, J. J., Schubert, P. F., and Wang, HL H, "Sonochemistiy in Non­
aqueous Liquids," Ultrasonics, 1984,22,33-36. 
128 
SusHck, K S. and Sdiubert, P. F., "Sonochemistiy of Ma2(CO)ioand Re2(CO)io,'V. Am. 
Chem. Soc., 1983,105, 6042-6044. 
Suslick, K S., Gawlenowski, J. J., Schubert, P. F. and Wang, H. EL, "AOcane Sonochemistiy," 
J. Phys. Chem., 1983a, 87,2299-2301. 
SusEck, K S., Goodale, J. W., Schubert, P. F. and Wang, H. H., "Sonochemistry and 
Sonocatalysis of Metal CatbonjiSj'V. Am. Chem. Soc., 1983b, 105. 5781-5785. 
SusHck, K S., Schubert, P. F. and Goodale, J. W., 'Sonochemistiy and Sonocatafysis of Iron 
Carbonyis,'V. Am. Chem. Soc., 1981, 103. 7342-7344. 
Taldzawa, Y., Akama, M, Yoshihara, N., Nojima, O., Arai, K and Okoudii, S., 
"HydroTQdation of Phenolic Conqiounds Under the Condition of Ultrasound in Aqueous 
Solution," Ultrasonics Sonochemistry, 1996, 3, S201-S204.. 
Tata, D.B., Biglow, J., Wu, J., Tritton, T.R. and Dunn, F., "Ultrasound-Enhanced Hydroxyl 
Radical Production From Two Clinically Enq>loyed Anticancer Drugs: Adriamycin and 
^Gtomycin C.," Ultrasonics Sonochemistry, 1996, 3, 39-45. 
Tatsumoto, N. and Fujii, S., "The Chemical Dissolution of Calcium Salt Crystal by Imdiating 
the Ultrasound; The Effect of Stirring the Solution," J. Acoust. Soc. Jpn., 1987, E 8(5). 
191-195. 
Thomycroft, J.L and Bamaby, S.W., "Toipedo-Boat Destroyers," M/n/to of the Proceedings 
of the Inst. C.E., 1895, 122f4). 51-69. 
Toy, M.S., Stringham, KS. and Passell, T.O., "Sonolysis Transformation of 1,1,1-
Trichloroethane in Water and Its Process Analyses," Pollution Prevention in Industrial 
Processes (ACS Svmpnqiim Series 5081 CL 23, Ed. by Breen, J.J. and DeDarco, M.J., 
Am. Chem. Soc., Washington D.C., 1992. 
Toy, MS., Carter, M.K and Passell, T.O., 'Thotosonochemical Decomposition of Aqueous 
1,1,1-Trichloroethane," Environ. Tech., 1990, ll£9), 837-842. 
Trabelsi, F., Ait-Iyazidi, H., Berlan, J., Fabre, P. -L., Delimis, BL and >^^elm, A.M., 
"Electrochemical Determination of the Active Zones in a Hig|h-Frequency Ultrasonic 
Reactor," Ultrasonics Sonochemistry, 1996,3, S125-S130. 
Tuulmets, A., Kaubi, K. and Hemoja, K, "Enfluence of Sonication on Giignard Reagent 
Formation," Ultrasonics Sonochemistry, 1995,2(2). S75-S78. 
129 
Umeniura, S., Kawabata, K., Sasaki, K, Yumita, N., Umenmia, K. and Nishigaki, N., 
"Recent Advances in Sonodynamic Approach to Cancer Therapy," Ultrasonics 
Sonochemistry, 1996,3, S187-S191. 
Urban, M. W. and Salazar-Rojas, E.M., "Ultrasonic PTC Modification of Po]y(vinylidene fihioride) 
Sur&ces and Their Characterization," Macromolecules, 1988, 21, 372-378. 
Uzgjris, E.E., Opsahl, L.R, Vosburgh, KG., Anthony, T.R., and dine, H.E., 'Targeted 
ThennalRelease ofDrag-Potymer Conjugates," U.S. Patent 5,490,840, dated Feb. 13, 
1996. 
Veera Reddy, A. and Raviadranath, B., "Acetjdation Under Ultrasonic Conditions: 
Convenient Preparation ofn-Ace^dandno Adds," Synthetic Communications, 1992a, 
22(2), 257-264. 
Veera Reddy, A. and Ravindranath, B., "Synthesis of a-, b- and Cyclic Spaghmnc Adds," Ira. 
J. Peptide Protein Res., 1992b, 40  ^472-476. 
Walton, A J. and R^olds, G. T., "Sonoluminescence,"^<fi'a/zce5 in Physics, 1984, 33(6). 
595-660. 
Wang, J.X. and Zhao, K, "Synthesis ofcis and 2ram-2,6-D9henyl-l,4-Diselenafulvenes from 
Phenylacetylene ^ vith Selenium and Base Under PTC-Ultosound Conditions," Synthetic 
Comm., 1996.26f8V 1617-1622. 
Wang, Z. and Nur, A. "Ultrasonic Velocities in Pure Hydrocarbons and Mixtures," J. Acoust. 
Soc. Am., 1991, 89(6), 2725-2730. 
Weber, M E. and Chon, W. Y., "Distribution of Ultrasonic Cavitation Intensities in a Liquid 
System," Can. J. Chem. Eng., 1967.45. 238-240. 
Weiss, J., Nature, 1944. 153. 748. 
Weissler, A, "Sonochemistry: The Production of Chemical Changes with Sound Waves," J. 
Acoust Soc. Am., 1953,25(41 651-657. 
Weissler, A., Cooper, H. and Snyder, S., 'The Chemical Effects of Ultrasonic Irradiation: 
Reaction Between Caibon Tetrachloride and Water," J. Acoust. Soc. Am., 1948, 20(4). 
589. 
Wheat, P.E. and Tumeo, M.A., "Ultrasound Induced Aqueous PolycycEc Aromatic 
Hydrocarbon Reactivity," Ultrasonics Sonochemistry, 1997, 4, 55-59. 
130 
Whillock, G.O.H. and Haiv ,^ B.F., "Ultiasomcalfy Enhanced Corrosion of304L Stainless 
Steel I: The Effect of Tenq>erature and Hydrostatic Pressure," Ultrasonics 
Sonochemistry, 1997a, 4, 23-31. 
Whillock, G.O.K and Haiv ,^ B 'X)ltrasoDica% Enhanced Conosion of304L Stainless 
Steel n: The Effect of Frequency, Acoustic Power and Horn to Spedmen Distance," 
Ultrasonics Sonochemistry, 1997b, 4,33-38. 
V^e, C.R. and Chang, P., "Correlation of DifSision Coef&dents in Dilute Solutions," AIChE 
/., 1955, 1(2), 264-270. 
Witekowa, S. and Farbotko, W., 'l>iq)ersiQn Effect of Ultrasonic Waves. IL Ultrasonic 
Waves Effect on the Catalytic Activity of Calcnim Carbonate," Soc. Sci. Lodz. Acta. 
Chim. (Eng.), 1974, 18,99-103; Chem. Abst., 1975, ^ .7935k. 
Wood, R.W. and Loomis, A.L., "The Physical and Biological Effects of Hgh Frequ^cy 
Somd Waves of Great Intensity," PMos. Mag. Ser. 7,1927, 4(22), 417-436. 
Woodle, HA. and Wbrandt, F.C., "Mechanisms by Which Ultrasonic Energy Affects Rates in 
Liquid-Liquid Extraction," AIChE J., 1960, 6(21 296-298. 
Worsley, D. and Mills, A., "The Effects of Power Ultrasound on the Oxidation of Water by 
Ce^  Ions Mediated by Thermally Activated Ruthenium Dioxide Hydrate," Ultrasonics 
Sonochemistry, 1996,3, S119-S123. 
Yan, Y., Thorpe, KB., and Pandit, A.B., "Cavitation Noise and Its Suppression by Air in 
Orifice Flow," in Proceedings of Ihtemational Synq)osnmi on Flow Induced V^rations 
and Noise, AIChE, Chicago, 1988,25-40. 
Zapior, B. and Lomnicka, A., "Use of Ultrasonic Waves for the Modification of the Nickel 
(II) Oxide Catafyst," Zesz. Nauk. Uniw. Jagiellon,, Pr. Chem. (PoL), 1975. 20. 109-117; 
C^m. Abst., 1976, 85- 25765w. 
131 
CHAPTERS. 
RATE ENHANCEMENTS M A SouD-LiQmD REACTION USING PTC, 
MICROFHASES, ULTRASOUND AND COMBIN^ATIONS THEREOF 
A p^er publi^ed ia Chemical Engineering Science^ . 
Ldgh C. Hagenson, Sanjeev D. Naik and L. K Doraiswamy 
Abstract 
A phase transfer catalyst (PTC) provides an elegant and efficient way of effecting reaction 
between components present in two immiscible phases: fiqoid-fiqaid and liquid-sofid. Such 
reactions can also be initiated or enhanced by other strategies, such as use of a microphase or 
ultrasound Results are reported in this pq>er on rates and rate enhancements in a model 
solid-liquid reaction (synthesis of benzyl sulfide fiom benzji chloride and sodium sulfide in a 
suitable organic solvent) in the presence of PTC, microphase and ultrasound. The study is 
then extended to include the effects of combinations of these strategies. A preliminary kinetic 
analysis of the results is also attCTq)ted. 
For the system studied it is found that the accelerating effect of PTC is the most profound, 
\^e that of microphase or ultrasound is only marginal \^dbLen they are used individually. On 
the other hand, the effects of microphase and ultrasound acquire &r greater significance in the 
presence of PTC. 
 ^Repiinted from Chemical Engineering Science, 49(24A), L. C. Hageoson, S. D. Naik and L. K. Doraiswamy, 
Rate Enhancements in a Solid-Liquid Reaction Using FTC, Miciophases, Ultrasound and Combinations 
Thereof; 4787-4800, Copyright 1994, with kind permission from Elsevier Science Ltd., The Boulevard, 
Langford Lane, Kidlington 0X5 1GB, UK 
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3.1 Introduction 
The problem of bringing together a water sohible nucleophilic reagent and a hydrophobic 
reagent can be solved witihoiit the modification of reaction pathways, or use of e?q)ensive 
d^olar aprotic solvents like dimethylformamide (DMF), by using a phase transfer catafyst 
(PTC). A PTC ion-pairs with the reactive anion of the nncleophile and, due to its %ophi]ic 
nature, extracts it into the organic phase lA^ere reaction occurs (see, e.g., Dehmlow and 
Dehmlow, 1993). The nucleophile can be in an immiscible liquid (aqueous) phase (liquid-
liquid PTC (LLPTC)] or in a sofid phase [soM-Hquid PTC (SLPTC)], as ^ own in Figure 
3.1. 
Li some cases SLPTC has certain advantages over LLPTC; for exaiiq>le, it prevents the 
imdesirable effects of the water of solvation migrathig with the ion-pair into the organic 
medium. However, SLPTC often suffers from slower reaction rates, possibly because the 
dissolution of the ^ aringly soluble solid limits the kinetics of the reaction. When this is the 
case, the use of a microphase (MP) may enhance reaction by ^ dlitating the transport of the 
reactants across inter&dal boundaries. A microphase can consist of particles, droplets or 
bubbles that are smaller than the difiusion length (-60-100 microns) of the solute. It is usually 
on the order of 1-10 microns. Particles larger than the film thickness do not enhance reaction 
rates. The use of a microphase in enhancing the rates of gas adsorption, liquid extraction and 
solid dissolution has been reviewed by Mehra (1990). The microphase physical  ^'Ms' the 
reactive anion, or in some cases adsorbs it from the difBision fihn, and tran^orts it into the 
organic bulk wiiere reaction ensues (Janakiraman and Sharma, 1985). By virtue of its ability 
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to enter the diflSisioii film suirounding a Uquid or a solid phase, a microphase can lead to 
steeper concentration gradients and enhanced tran^ort (Figure 3.2). 
Thus it is antic^ated that the use of a microphase in an SLPTC system will further enhance 
the reaction over that Avith PTC alone (Figure 3.3). The microphase introduces a 'double 
ferrying action' \N^ch aids the phase transfer catafyst in its role of transferring the reactive 
^edes from one phase, solid or aqueous, to the organic phase. 
Liquid film 
RY + Q -^
Liquid bulk 
(product) 
Figure 3.1 Visual representation of FTC action. 
O Mciopaitide 
© Mcropaitide + A 
Liquid bulk 
® Micn^artide + A + B, 
with reaction on sui&ce 
of micropaitide 
Liquid film 
Figure 3.2 Solid-liquid reaction facilitated by microphase action. 
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mtrasoimd has also been shown to assist in initiating reactions and enhancing reaction rates 
in systems catafyzed by PTC (see, e.g., Diez-Barra et al, 1992). The chemical effects of 
ultrasomid have been attributed to the iiiq)losive collapse of cavitation bubbles \^ch are 
formed during the rare&ction period of sound waves. These bubbles are initiated at localized 
sites in the liquid mixture \^dlich contain minute quantities of dissolved gases. The mixture of 
gases and vaporized reaction mixture ^ ^ch is tr^ped within a microbubble is e7q)osed to 
extreme ten^eratures and pressures upon inqplosion and the molecules are fractured, forming 
highly reactive ^ edes with a great propensity for reaction with the surrounding molecules. 
This type of ultrasonic action is termed sonochemistry. The dynamics of cavitation bubbles 
have been described at considerable length and will not be discussed here (see, e.g.. Cum et 
Figure 33 Enhancement of solid-liquid reaction with the combined action of a phase 
transfer catalyst and microphase. 
Ultrasound can also affect immiscible reaction mbctures medianicaDy by forming a very 
jSne emulsion, \^Mch considerably increases the inter&dal contact area between the two 
phases. When one of the phases is a soUd, ultrasonic irradiation has several additional 
enhancing effects. One of the most influential and weDrknown is its ability to clean and 
a/., 1992; Susfick, 1988). 
O MiCToparticIe + PTC 
O Nfioopaiticle + PTC + A 
liquid bulk 
• MiCToparticle+PTC +A + 
with leacdoQ on surface 
ofmiooparticle 
Liquid fihn 
B Products 
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remove mireactive coatings from sur&ces of sofid particles, thus &ci]itating reaction. This is 
eqiedalfy useM \^ea the solid also acts as a catalyst (see, e.g., Snslick and Johnson, 1984; 
Ando and Kinmra, 1990). These cleaning effects have been largefy attributed to 
microstreammg and asymmetric acoustic cavitation. The former, microstreaming (or acoustic 
streaming), is the microscopic turbulence and/or thinning of the soM-liquid film layer created 
by ^ ock waves \^ch have propagated from nearby symmetric cavitations in the Uquid bulk. 
Microstreaming greatly increases the mass transfer of the reactive anions to and from the solid 
sur&ce. The latter, a^rmmetric acoustic cavitation, occurs \^^en the microbubbles iiiq)lode 
near the sur&ce of the soUd particle. This phenomenon has been described in detail by Suslick 
(1990). Since there is not enough room near a soHd for ^hericaHy-symmetric cavitation to 
occur, microjets of solvent are formed v\4uch bombard the sofid sur&ce and result in pittmg 
and erosion. This exposes unreacted sur&ces of the solid, in addition to increasing the sur&ce 
area available for reaction. 
The conditions under which the reaction is carried out can greatly influence the effect of 
ultrasound on the rate or yield These parameters include (but are not limited to) the reaction 
tCTq)erature, solvent, and irradiation intensi .^ 
3.1.1 Objective 
Research is in progress in this laboratory on the individual and combined effects of PTC, 
microphase, and ultrasound on the rates of organic reactions. The present paper reports the 
experimental results obtained on a model sofid-fiquid reaction (synthesis of benzyl sulfide from 
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ben:^! chloride and sodhnn sulfide in a suitable organic soivoit). SpedficaDy, the following 
a^ects have been studied: 
1) The effect of phase transfer catafyst. 
2) The effect of microphase. 
3) The effect of ultrasonic irradiation. 
4) The combined effect of PTC and microphase. 
5) The combined effect of PTC and ultrasound. 
6) The combined effect of PTC, microphase and ultrasound. 
A preliminary kinetic analysis of the e?q)erim!aital data is attenq>ted. A detailed modeling 
study win be reported in a subsequent communication. 
3.1.2 Previous work on sulfide synthesis 
Landini and RoHa (1974) were among the first to report the ^ thesis of symmetrical 
sulfides using a phase transfer catalyst Kim and Noh (1974) ^ thesized bis-
(p-nitrophen>i) sulfide by heating/vnitrodilorobenzene with aqueous sodium sulfide with 
Aliquat 336 (tricaprylmethylammonium chloride) as PTC. Other reports of sulfide ^ thesis 
usmg PTC include those of Tozzi and Cassandrini (1975), Evans (1984) using molten aryl 
halides, Kutil et al (1982, 1985) usmg an anionic sur&ctant, and Kuril et al. (1985) using an 
anionic sur&ctant and NaOH. All the above papers report the use of a PTC in a liquid-liquid 
system for sulfide synthesis. Pradhan and Sharma (1990) report the synthesis of diben^l 
sulfide from benzyl chloride in toluene and solid sodium sulfide usmg a variety of PTCs. 
Tetrabutylammonium bromide (TBAB) was found to be the best catafyst in their study. 
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3.2 Mechanism of PTC Action 
The medumisni of a ^ ical phase transfer catalyzed reaction is expected to resemble an 
SK2 di^lacement reaction scheme. The general reaction 
PTC 
RX  ^ + MYgq —  ^ RY g^ + MX3q 
follows the catalytic cycle: 
RX + [Q Y ] • RY + [Q X ] organic phase 
inter&ce 
MX + [Q Y ] M+ [Q X ] aqueous phase 
The cation of the PTC (Q  ^ extracts the anion Y firomthe aqueous phase and pulls it into the 
organic phase. Since Y" is virtually unsolvated and unable to pair with the surrounding alkyl 
groups, it reacts rq)idfy with the substrate RX. The new salt, Q ,^ returns to the aqueous 
phase ^ ere X reacts with the metal cation This cycle repeats itself until equilibrium is 
attained or the reaction is con^lete. 
The reaction investigated is 
2 + NaiS  ^ + 2 NaQ 
Benzjd Chloride Sodium Benzyi Sulfide Sodium 
(oiganic liquid) Sulfide (oiganic liquid) Chloride 
(solid) (solid) 
with TBAB as PTC and acetonitrile as solvent. The mechanism of this reaction is sli^tly 
more conq>ficated than that depicted by the general PTC model because the anions of the 
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quatemaiy ammoninm salt (brondde) and those of the organic substrate (diloiide) are not the 
same. Also, two quaternary salt cations are needed to ion-pair with each reactive sulfide 
anion. Therefi)re, the proposed mechanism involves two inter&dal ion-exchange steps (1 and 
3) and the main reaction stq) (2) in the organic phase; 
NaaScs) + 2NaBr(,) + Q -^S'--Q% -(l) 
Q -^S  ^-Q% + 2C6H5CH2Clon5 CsHsCHz-S-CHjCeHs ons + 2Q'^ Crorg -(2) 
Na2S(s) + 2Q*Cr„g • 2NaCl(s) + Q^-S'--Q% -(3) 
The reaction is initiated by bromide exchange (1) at the solid sui&ce between the 
quaternary salt cation (Q*  ^and Na ,^ fi)Uowing the quaternary ammoninm cation carries 
the sulfide ion into the organic bulk where (2) ensues. Reaction (2) generates CI', which 
can also ion-pair with the sulfide anion at the solid sur&ce (3). Reaction (2) is then repeated, 
regenerating CI". The catafytic cycle involving Q' continues, with the possibility of (1) 
occurring simultaneous  ^with (3), depending on the relative rates of (1) and (3). With time, 
there is a possibility that the sequence of steps will change in terms of the relative inq)ortance 
of (1) and (3) in the catalytic cycle. 
3.3 Experimental Apparatus and Procedures 
A typical reaction mixtuie consisted of 1.22 xlO'^  gmol/ml ben  ^chloride 
(99% purity), 10% w/v sodium sulfide (60% purity) and 0.4% vf/v PTC (Zealand Chemicals, 
Inc.). TBAB was used exclusively as the phase transfer catalyst, and acetonitrile (HPLC 
grade) as the solvent in all studies except where otherwise stated The PTC reactions were 
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conducted using a mechanically agitated stainless steel reactor operated in the batch mode. 
Isothermal conditions were maintained to within ± 1.0 °C usmg a constant ten:]qperature water 
cooling bath eqo^ed with a cooling coiL 
The sodium sulfide was purchased in technical grade flakes, crushed and sieved. Average 
particle sizes are indicated v\^en discussing the experimental results. Two microphases were 
tested: silica gel (15 - 3S {im) and filmed silica (0.014 In all e7q)eriments, a microphase 
loading of 1.0% v//v was used. 
DDRTTrm BORN 
COOZJNCIKIX' 
RXACnON BCDCTinLZ 
COOUNC oirruT 
Figure 3.4 Experimental apparatus for sonochemical research. 
Ultrasound reactions were conducted using Sonicator'^  XL2020 (Nfisonix, Inc.), which 
supplies a constant firequency of 20 kHz to the 1/2 in (1.27 cm) standard titamumhom. The 
reaction mixture was contained in a sealed stainless steel sonication vessel Although high 
intensity ultrasound leads to large ambient tenq)erature increases in the reaction mixture (a 0.1 
"C increase per unit time ultrasonic irradiation was observed in the absence of external 
cooling), isothermal conditions were miaintained to within ± 0.5 "C using an external cooling 
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jacket as shown schematically in Hgore 3.4. The reaction vessel also contained a port (not 
shoiMi in the figure) throu  ^\^^ch a thenn0coiq)le was inserted directfy into the reaction 
mixture for tenqterature observation. The anqilitude and power output could be varied to a 
Tnayiminn of 120 pm and 475 W, re^ectively. Results were highfy reproducible with 5 
replicates giving an average standard deviation of onfy 0.5% conversion of benzyl chloride. 
The organic phase was anafyzed for benzyl chloride and ben  ^sulfide using a Hewlett 
Packard 5730A gas chromatograph fitted with a 1/8 in (0.318 cm) x 6.56 ft (2.0 m) stainless 
steel packed column. The packing consisted of 10% SP2250 (liquid phase) and Carbopack 
(soM siqiport) with a mesh size of 100/120. The oven was programmed to operate at an 
initial tenq)erature of 150 °C (held for 2 minutes) which was increased at a rate of 32 °C/niin 
to a final ten e^rature of300 "C. 
3.4 Results and Discussion 
3.4.1 Reaction with PTC alone 
a. Parametric stu  ^
Two of the most inq)ortant parameters affecting a phase transfer catalyzed ruction are 
catalyst concentration and tenq)erature. To study the effects of these parameters, experiments 
were carried out at three different catalyst concentrations (0.2, 0.4 and 0.8% w/v) and three 
ambient reaction ten^eratures (25, 30 and 35 °C). Sodium sulfide particle size was kept 
constant at <170 {im As a basis for con^arison, the reaction was also conducted in the 
absence of PTC (referred to as the base reaction). 
141 
80 
00- .  
2. 50--
e 
o 
i « - .  
30--e o O 
1 0 - .  
15 5 10 0 
Ttaiie ^ in) 
«no PTC 
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•0.8% w/vPTC 
Figure 3.5 Effect of FTC concentration on conva*sion. 
(NaiS <170 iim, citation = 1740 rpm, PTC = TBAB, temp = 25 "Q 
F^ure 3.6 Effect of ambient reaction temperature on conversion. 
(NaiS <170 fun, imitation speed = 1740 rpm, PTC = 0.4% vrfv TBAB) 
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The results at 25 °C on the effect of PTC concentration are summarized in 
Hgure 3.S, \^ch also shows data obtained for the case of no PTC. It is observed that even in 
the absence of PTC a convra^on of about 20% occurs in IS minutes of reaction time. This is 
probabfy because of a small but finite solubility of sodium sulfide in the organic phase. The 
addition of PTC leads to a substantial enhancement in reaction rate. For exan^le, at a 
reaction thne of 10 minutes, the conversion obtained a PTC concentration of 0.4% w/v is 
around 58%, and around 70% when using 0.8% w/w. There is a small conversion of 
approxnnately 10% in its absence. 
Similar studies were conducted at 30 and 35 °C, keeping the PTC concentration constant 
at 0.4% wA ,^ as shown in Figure 3.6. As e7q)ected, an increase in ten^erature leads to an 
increase in conversion. However, when con^aring Hgure 3.5 to Figure 3.6, it appears that 
the effect of PTC concentration is peih^s more dominant than that of reaction ten:^)erature. 
b. EJnetic analysis 
Although there is considerable literature on the mechanistic details of LLPTC reactions, 
little is understood about SLPTC. Mehille and Goddard (1990) report two possible models 
for SLPTC, depending i^on \^^ether or not the soUd has some finite solubility in the organic 
solvent These models may be briefly described as: 
Model I: If the soHd (MY,) is sparingly sohible in the organic solvent, the PTC can ion-pair 
with the dissoh^ed ^ edes MYoig (Figure 3.7a). 
Model n.- If the solid is complete  ^insoluble in the organic solvent, then tlie PTC ion-pairs at, 
or close to, the solid sur&ce (Figure 3.7b). 
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However, Model I does not seem to represent tme PTC action because the reactive anion Y* 
is already in the organic phase \^ere reaction occurs. Thus there is no a priori requirement 
fi)r PTC (whose sole purpose is to ion-pair with the reactive anion from (me phase and feny it 
to the other phase where reaction proceeds), hi addition, although there is a finite solubility 
ofNa2S in acetonitrile in the ^ stem under investigation, the reaction observed in the absence 
of PTC is small (if not negligible) v^en conq>ared to that \N4ien a small amount of PTC is 
present. Model I alone cannot be used to explain this large enhancement However, a scheme 
similar to Model n may be postulated to e?q)lain this reaction (Hgure 3.7c). Here the 
dissolved ^ edes reacts to a small extent (independent of PTC acticm), ^^Me simultaneousiy 
PTC foiies the anions fiom the sofid sur&ce into the organic phase. This scheme accounts 
for the reaction occurring due to the finite solubility of the nucleophile as well as by PTC 
actiooL For instance, at 0.4% w/v PTC (25 "C), the q>proximate enhancements due to PTC 
action before and after accoimting for reaction due to dissolved sodium sulfide are 24-fold and 
18-fold, re^ectively. Similarly, for the same PTC concentration at 30 °C, the enhancements 
are 9-fold and 7-fold, respective .^ 
Since the reaction due to dissolved sulfide is anally it has been neglected and Model n has 
been chosen as the mechanism of the reaction in this preliminary kinetic study. Therefore, the 
kinetics of the reaction depend solely on ben:^l chloride concentration (CBZO) and the 
concentration of Q'*^-S '^ -Q  ^ Since -S '^ -Q  ^concentration is indirectly dependent on the 
conceatration of the catalyst (CPTC), the kinetic model can be written as; 
-iBzCi = k (CbzcO^CCPTC)" (1) 
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Na2S(,) Na2S(,) 
Q*X- Q*X- Q*-?M3r N^Sfa 
Reactioa widi beu  ^cfalodde Reaction wi& beozyl cblonde Reactioa witii benzji chloii 
(a) (b) 
Figure 3.7 Models used to explain FTC action. 
There has been some ambiguity in reports so &T about the order of reaction with respect 
to the organic substrate with changing PTC concentration. While some (see, e.g., Starks and 
Owens, 1973; Yadav and Sharnia, 1981) report a first order dependence on the organic 
substrate, independent of PTC concentration, others (see, e.g., Ramsden et al., 1989) report 
that the order of reaction changes with PTC concentration. In this qrstem, it was observed 
that the order fluctuated around 1.0. Taking into account the statistical error involved, it is 
conchided that the order can be taken to be unity, irrespective of the PTC concentration. 
Equation (1) can now be written as: 
-iBzCl = ki(CBzcO° (2) 
wdiere the pseudo first order constant ki is some coniplex fimction of the initial PTC 
concentration. 
Combining the data for different catafyst concentrations at 25 °C, the original rate equation 
(1) can be determined. This gives 
-IBzCl = K (CBZCI)°'^ (CFTC)°'^  ^ (3) 
or, in a more acceptable form 
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-iBzCI = 0.00281 (CbzCi)^° (CpTc)""  ^ (4) 
For a given PTC concentration of 1.26 xlO'^  gmol/ml, fitting the pseudo first order rate 
equation (1) to the data obtained at 25,30 and 35 "C yields some very unexpected and 
unusual results. The prdhninary kinetic anafysis indicates that the order with reject to benzyl 
chloride decreases with increasmg tenq)eratuie fiom 0.97 to 0.85 to 0.35, re^ectively. The 
observed trends are very interesting, e^edaOy since a change in reaction order with changing 
ambient reaction ten:q)eratiire has not yet been reported in PTC studies. It suggests that there 
is a shift in reaction firom kinetic control at lower tenq>eratures toward mass transfer control at 
higher tenq>eratures. For conq>lete kmetic control, the order with reject to the organic 
substrate is unity (as has been observed in this and many other PTC ^ ems). When the 
reaction is con:q)letdy controlled by mass transfer, the rate is zero order with respect to the 
organic substrate (ben^l chloride) and depends solefy on the rate of tran^ort of the sulfide 
ion fi'om the soHd sor&ce to the organic bulk. With increasing ten^erature, the rate of 
intrinsic kinetics increases rapidly (e?q)onentiaIly) and becomes very &st con:q>ared to the rate 
of mass transfer. Thus, at hi^er tenqieratures, the reaction shifts toward mass transfer 
control 
3.4  ^ Reactions nnder the influence of microphases 
The first stq) in studying the efifect of microphase on a PTC system is to choose a suitable 
miCTophase. The following results indicate that this choice is critical While a literature 
search on microphase action has only revealed enhancements due to microphases in 
heterogeneous systems, it has been found in the present study that microphases may lead to 
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siqipression of reactions as well However, the tight microphase, when used together with 
PTC, can lead to an enhancement in reaction rate, evoi foi the case \^ere the effect of 
microphase alone is not significant 
a. Silica gel as a microphase 
The use of silica gd (15-35 ^ m) as microphase siqipresses the action of the PTC (Figure 
3.8). A possible cause of this retardation is the adsorption or absoiption of PTC on the silica 
gel, acconqtanied by swelling or agglomeration of the gel particles in acetonitiile. When the 
siUca gel particles swell, they become larger than the diffiision length of the solute and 
microphase action is no longer possible. This also prevents any PTC that may be 
•0.4% w/vPTC 
• 1.0% MP. 0.4% PTC 
0 5 10 15 
Time (min) 
F^ure 3  ^Effects of the nature of the microphase. 
(NajS <170 ^ m, PTC = TBAB, MP = silica gel, temp = 25 "Q 
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adsozbed/absoibed on the ndcropliase from reaching the soHd sox&ce. Thus it is unable to 
transfer the reactive species into the organic phase. However, it is in^ortant to note that 
mere adsorption/absorption of PTC on a micropliase is not ejqiected to siq>press PTC action 
iitiless the microparticles are larger than the film thickness surrounding the immiscible 
reactant 
b. Fumed silica as a micraphase 
Fumed silica (0.014 was then used as the nncrophase. Without PTC, the conversions 
obtained when usmg this ndcrophase were not significant  ^different from those obtained in 
the base reaction (Le. ia the absence of both PTC and microphase). However, even under 
conditions of high agitation ^ eeds (1740 rpm) and small Na2S particle sizes (< 170 ^m), the 
0 
*no PTC/no MP 
•1.0%VKVMP 
AO.4% WAVPTC 
#1.0% MP. 0.4% PTC 
0 5 10 15 
Tkne (min) 
figure 3.9 Effect of combinations of microphase (MP) and FTC action. 
(NaiS <170 ^ m, PTC = TBAB, MP = filmed silica, temp = 25 "C) 
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effect of mcrophase (imcrophase loading = 1.0 % wA^) on PTC action was foimd to be 
significant (Figure 3.9). The rate of reaction with the combined efifects of PTC and 
ndcrophase is about 1.24 times that with PTC alone. This is a significant increase, espeda% 
since the reaction was carried out under conditions of limited ndcrophase action (as discussed 
in the next section). 
c. Effect of NajS particle size 
Hie results presented up to this point have been for very small sodium sulfide particles 
\^ilere mass transfer effects are e?qpected to be small These reaction conditions are less 
conducive to effective ndcrophase action. Larger sized sodium sulfide particles will ensure a 
greater role of mass transfer in the reaction process and possibfy greater microphase action. 
Hoace several runs were conducted using sodium sulfide particles of a mean size of565 ^m to 
test this hypothesis. la reactions \\^ere PTC alone was used, the conversions obtained with a 
larger particle size of Na2S were much lower than those obtained with smaller particles 
(Figure 3.10). The results also indicate, as ej^ected, that the contribution of the microphase 
to reaction enhancement is greater with larger particles than with smaller Na2S particles, 
a 40 minute reaction time, the following conversions were obtained: 
No PTC or microphase 
Only PTC 
Only microphase 
Both PTC and microphase 
7.0 % 
25.7 % 
31.4% 
35.4 % 
149 
Thus a ndcrophase alone has little or no affect on reaction when smaller Na2S 
particles are used, the effect is greater than that with PTC alone for the larger particles. Also 
the combined effect of PTC and microphase is greater than their individual effects. Table 3.1 
summarizes the enhancement £ictors attributed to PTC and/or miaophase action \^en Na2S 
particles of average size 565 |jm are used. The microphase used in all cases was fumed silica. 
70 - -
e 
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S 4 0 -S g  SO- -
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0 30 40 
Time (min) 
• <170 microns 
•-565 microns 
F^ure 3.10 Effect of NaiS particle size on FTC action. 
(agitation = 1740 rpm, FTC = 0.4% wAr TBAB, temp = 25 "Q 
Thus the addition of a miCTOphase oihances the reaction rate by a &ctor of 4.46 compared 
to the base reaction (in the absence of PTC and microphase), \^Me the addition of PTC alone 
induces a slightly lower enhancement (3.65). The combined ferrying action of microphase and 
PTC together is clearly greater than each of the individual effects and a five-fold increase in 
rate is observed. 
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Table 3.1 Rate enhancements attributed to effects of FTC and/or microphases. 
Conditions Fnliancement A Enhancement B 
No PTC or microphase 1.0 — 
Only PTC 3.65 1.0 
Qnfy microphase 4.46 1.32 
Both PTC and microphase 5.02 1.38 
Enhancement A = reaction rate/reaction rate with no PTC or microphase 
Enhancement B = reaction rate/reaction rate with FTC only 
As anticipated, the microphase is more usefiil under reaction conditions where tran^ort of 
the sulfide ions firom the solid sai6ce across the difBision fifan surrounding the particles into 
the organic phase affects the rate of reaction. It is under these conditions that the role of 
microphases is more crucial in a PTC system. These findings also indicate that microphase 
can, in some cases, be an effective substitute for PTC (which is often difficult to recover from 
the organic phase). 
3.43 Reactions under the influence of ultrasound 
a. Effect of acoustic intensity 
The intensity of the sound waves must be great enou  ^to overcome the cavitation 
threshold, the negative pressure required to form the microbubbles. This is required to initiate 
the chemical effects of ultrasound. Once cavitation is produced. Mason (1990) reports that 
the rate of reaction increases with increasing intensity to an optimum level, and then decreases 
with further increase in inteoshy. He attributes these findings to (1) the reaction mixture 
becoming overcrowded with microbubbles which limits the ability of the waves to penetrate 
into the liquid and/or (2) the microbubbles formed growing too large (or joining with 
surrounding bubbles) before inqilosive cavitation can occur. 
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The model reaction is also seen to be dependent iq)on acoustic intensity (Hgure 3.11), 
though a decrease in rate is not observed. This may either be due to the limits on the intensity 
level which can be achieved with the ultrasonic equ^mait in use or to the ultrasound not 
producing any sonochemical effects. The acoustic intensity entering the reaction mixture is 
determined by first measuring the ultrasonic power delivered to the hom during sonication. 
This power is dependent iq)on the mixture in the reaction vessel and is monitored by a 
microprocessor controfler (available with Sonicator'^  XL2020). Dividing the power by the 
area of the hom, gives the intensity delivered to the reaction mixture in W/cm  ^(assuming aU 
available power is diss^ated into the reaction system firom the probe t^). Since the maxinnini 
conversion in reaction mixtures containing 0.4% v/fv PTC is achieved at an intensity of 150 
W/cm  ^this intensity was used for all subsequent sonochemical reactions. 
18 T 
• no PTC 
•0.4% w/vPTC 
0 50 100 1S0 200 
UHraaonic lnteinHy(W/an*2) 
Figure 3.11 Effect of acoustic intensity on the conversion of benzyl chloride. 
(NaiS particle size <170 fun, no mechanical agitation, PTC = TBAB, 
temp = 25 "C, reaction time = 60 seconds) 
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b. Effect of catalyst concentration 
The conversion of ben;  ^chloride is e?q)ected to increase with catalyst concentration, as 
was observed in the absence of ultrasonic irradiation. This is indeed the case (Figure 3.12). 
Although it appears that the determination of a kinetic model should be &irfy simple, it is not. 
While attenq>tmg to find a rate equation by using the same mathematical method as use m the 
case of PTC alone, the reaction order of ben;  ^chloride was found to be around 8 or higher. 
Tliis is not reasonable. A possible ^ lanation for this is the variable sui£ice area of Na2S 
available for reaction as a result of ultrasound action. As is well documented, ultrasound 
waves are known to cause a reduction in the size of solid paiticles present in the system 
Therefore, it is e7q>ected that the surfece area of Na2S available for reaction is continuoxisly 
increasing. In the absence of precise data on the sohibility of Na2S in the organic phase, no 
quantitative analysis is attenq)ted in the present study. 
It is also interesting to con^are the individual effects of PTC, microphase and ultrasound 
on the conversion of benzjd chloride with that of the base reaction. From the results 
presented in Figure 3.13, it appears that the elOfects due to ultrasound are mechanical (Le. 
efficient agitation and particle size reduction), and not chemicaL This peculation may be 
substantiated with the following observations: first, the efifect due to ultrasound alone is small 
and approximately equal to, or sHgjhtfy greater than, the effect due to microphase alone. Next, 
PTC is required in this system for a significant amount of reaction to occur. In addition, the 
enhancements due to PTC are very large and chemicaL Therefore, since the increase in 
conversion \^^en usmg ultrasound alone is approximately equal to the that of microphase 
alone, and in no way compares with the in^ease obtained vdien usmg PTC alone, it is 
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Hgiire 3.12 Effect of catalyst concentratioii for reaction with ultrasound. 
(NajS particle size <170 no mecbanical agitation, PTC = TBAB, 
temp = 25 "C, ultrasonic intensity = 150 W/cm  ^
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figure 3.13 Comparison of the individual effect on the base reaction. 
(NaiS particle size <170 lun, no mechanical agitation, PTC = TBAB, 
MP = filmed silica, temp = 25 "C, ultrasonic intensity = 150 W/cm  ^
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concluded that the effects of ultrasoimd on this reaction system are mechanical effects. Since 
the synthesis of benzyl sulfide follows an ionic mechanism, these results are not veiy 
surprismg. Several others (see, e.g., Einhom et cd., 1990; Ludhe, 1992) have also discovered 
that ultrasoimd does not produce any significant chemical effects in reactions following ionic 
pathways. Some (see, e.g., Luche, 1990) have also determined that ultrasound instigates free-
radical mechanisms in reactions \sduch can follow either an ionic or firee-radical pathway 
(depending on reaction parameters). 
c. Effect of reaction temperature 
It is believed that an increase in the ambient reaction teno^erature results in an overall 
decrease in the sonochemical effect primaiify because of the increase in the amount of vapor in 
the systetn (Suslick, 1988; Mason, 1990, among others). When the vapor pressure of the 
mixture is increased, it becomes easier to form cavitation bubbles; however, these bubbles 
contain more vapor than at lower reaction tenq>eratures. The vapor cushions the inq>losion of 
the microbubble, redudng the ultrasonic energy produced iq)on cavitation and thus the 
chemical effects of ultrasound. Increasing reaction tenq)erature also decreases the viscosity of 
the system The significance of wMch is discussed in the n  ^section. 
The results obtained on the present system at three reaction tenq)eratures (25,30 and 35 
°C), as presented in Figure 3.14, do not iqihold this trend. It may be clearly seen that the 
behavior is shnilar to that of any nonnal reaction, Le. the conversion increases with increasing 
ten^erature. The reason for this may be directly related to the conclusion reached earlier, that 
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Figure 3.14 Effect of ambient temperature on reaction with ultrasound. 
(NaiS particle size <170 )im, no mechanical agitation, PTC = 0.4% w/v TBAB, 
ultrasonic intensity = 150 W/cm  ^
ultrasound has no chemical effects on this system. Therefore, an increase in ambient reaction 
tenq>erature leads to the conventional increase in conversion. 
d. Effect of solvent 
When selecting a solvent there are many parameters \\Mch must be taken into 
consideration. When usmg a phase transfer catalyst, it is in^ortant to find a solvent ^ ^ch 
dissolves the catalyst completely. Some chemical distributors, such as Fluka, include 
solubility tables of phase transfer reagents in their annual catalogs. When usmg ultrasound, 
the viscosity and vapor pressure of the solvent have a significant effect upon the sonochemical 
event. The viscosity, which is related to the natural cohesive forces of the fluid, is directly 
proportional to the cavitational threshold. Increasing the viscosity increases the sonochemical 
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effect because, although the bubbles are more difficult to initiate, the collapse is more violent. 
However, there is a point \\4iere the viscous forces are so strong that cavitation can no longer 
be initiated, after which the sonochemical effect is greatfy reduced. 
An e7q)eriniental con^arison is made between two different solvents, acetonitrile (wMch 
has been used in all previous experiments) and /z-but}i alcohol The alcohol has a vapor 
pressure 0.087 times lower and viscosity 8 times greater than that of acetonitrile at a 
tenqierature of 25 °C. In addition, solubility tables report that Na2S is slight  ^soluble in 
alcohols. Therefore, using /z-butyl alcohol as solvent is expected to lead to higher conversions 
than acetonitrile. Figure 3.15 shows that this is indeed the case. The increase in conversion 
\^en using n-butyl alcohol is most likely due to the increased solubility of Na2S in that solvent 
instead of the increased cavitational effect since, as stated previously, it ^ipears that 
ultrasound has little or no chemical effect on this system. 
70.00 T 
« acetonirle 
• n-butyi alcohd 
0.00 
0 20 40 60 80 100 
Time (sec) 
figure 3.15 Effect of solvent choice on reaction with ultrasound and FTC. 
particle size <170 ^ m, no mechanical citation, PTC = TBAB, 
temp = 25 "C, ultrasonic intensity = 150 W/cm  ^
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e. Combined ^ ect of PTC, microphase and ultrasonic irradiation 
The additiaa of microphase to the ^ ^em under the iofinence of FTC and ultrasound 
results in an even greater increase of conv^on (Figure 3.16). This is eT^ected to be related 
to the combined efifects of increased sui&ce area of Na2S available for reaction due to 
ultrasound and &diitated mass transfer due to both ultrasound and microphase. A more 
detailed explanation will be given in the following section. 
90T 
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# US alone 
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APTC. 1% WA/MP 
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4 0 -
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1 0 -
100 ISO 2D0 3G0 O 50 2S0 
Time (KC) 
Figure 3.16 Combined effect of FTC and microphase in a sonochemical system. 
(NajS particle size <170 ^ m, no mechanical agitation, PTC = TBAB, 
MP = filmed silica, temp = 25 "C, ultrasonic intensity = 150 W/cm  ^
3.4.7 Summary of individual and combined effects of PTC, microphase and ultrasound 
hi order to con^are the strategies which have been used and to fulfy understand their 
effects on the synthesis of benzyi sulfide firom benzyl chloride and sodium sulfide, the 
individual and combined effects of PTC, microphase and ultrasound have been summarized in 
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Figure 3.17 Individual and combined effects of FTC, microphase and ultrasound. 
(NajS particle size <170 |un, no mechanical citation, FTC = TBAB, 
MP = filmed silica, temp = 25 "C, ultrasonic intensity = 150 W/cm  ^
Figure 3.17. It is clear firom this figure that the presence of PTC is necessary for a significant 
amount of reaction to occur. Therefore, other methods of rate enhancement investigated are 
only effective A^en used in conjunction with FIC. 
Otho' conclusions ^ vdiich are peculated are not as obvious. Considering first the base 
reaction, it is noted that molecular difSision and solubility of NazS in acetonitrile are not 
affected by ultrasound or microphase; hence, their individual affects on the reaction are likely 
to be minfmal as indeed observed in Figure 3.17. Facilitation of mass transfer fiomthe 
difiSision film into the organic bulk by the microphase has little effect on the rate, possibfy due 
to the negligible role of mass transfer in the reaction at 25 °C. Also, veiy little dissolved NazS 
is present in the film to be ferried into the organic phase, and the microphase does not have 
any ^ edfic affinity for the inorganic solid salt 
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The mmor increase in conversion dae to ultrasoimd alone is most likely a result of the 
increased sur&ce area available for the base reaction, &cilitated mass transfer and efficient 
agitation of the reaction mixture. 
The large enhancement due to PTC alone iiiq)lies that the catafytic (^cle which ferries the 
sulfide anions into the organic phase is required for significant reaction to occur. The amount 
of reaction is sfi^tly increased with the addition of ultrasound because, again, it produces an 
increased sur&ce area for reaction as a direct result of the reduction of Na2S particle size and 
increases the mass transfer of the reactive anions through the phenomena of microstreaming. 
It is speculated that the addition of PTC and microphase gives even higher conversions 
because PTC probably adheres to the sur&ce of the microphase and is convectively 
tran^orted into the dififiision fibn by it. This hypothesis is based on the assun^)tion that the 
convective flow of microphase particles through the diffiision fifan is &ster than the diSiision 
of PTC molecules. 
The effect of PTC and microphase is fiirther enhanced with ultrasonic irradiation because 
of the increased mass transfer, efficiency of agitation and Na2S sur&ce area available for 
reaction. 
3.5 Conclusions 
The present research was undertaken to study the individual and combined effects of a 
phase transfer catafyst (PTC), microphase (MP) and ultrasound (US) in enhancing the rate of 
a sofid-Hquid reaction. Usmg the reaction of ben:^l chloride (fiquid) with sodium sulfide 
(soKd) as a model system, the following conclusions were reached: (1) all three techniques 
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give enhancements in the rate, but the effect of PTC is the most profound; (2) while in the 
cases of MP and US enhancement occurs due to an increase in mass transfer, a dejBnite 
chemical effect is involved in the case of PTC; (3) the role of MP is not necessarily one of 
enhancement, for certain microphases (ie. sifica gel) can retard the reaction; (4) the reaction 
order can decrease perceptibly with increase in ten^erature, indicating no dependence on the 
substrate concentration and hence zero order; (5) the efiEects of PTC, MP and US appear to 
be more than just additive, and A^en all three are used together a considerable enhancement 
can be obtained (about 150%). The results of a detailed modeling study will be reported in a 
future communication. 
3.6 Nomenclature 
Symbols 
CBZCI concentrations of ben;  ^chloride (mol/mL) 
CpTC concentrations of PTC (mol/mL) 
I ultrasonic intensity (W/cm^) 
k rate constant (mL®*  ^mol"""  ^s'^ ) 
-iBzCi rate of dis^pearance of benzyl chloride (mol mL'^  s'^ ) 
T tenq)erature (°C) 
t reaction time (s) 
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Acronyms and abbreviations 
LLPTC liq^-Hquid phase transfer catafysis 
MP micropliase 
PTC phase transfer catalysis 
SLPTC soM-fiquid phase transfer catalysis 
TBAB tetrabutylanmunmun bromide 
•whf mass ofsolid per unit volume of organic phase (g/mL) 
Chemical species 
Ct the cation of PTC 
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CHAPTER 4. 
COMPASISON OF THE EFFECTS OF ULTRASOUND AND MECHANICAL 
AGITATION ON A REACTING SOUD-LIQOD SYSTEM 
A paper accepted for publication in Chemical Enffneering Science. 
Leigh C. Hagenson and L. K. Doraiswamy 
Abstract 
Ultrasound has been shown to have desirable ^ fects (m both homogeneous and 
heterogeneous reactions, such as increasing the conversion, enhancing the selectivity, and 
inq>roving the yield Enhancements due to ultrasound may be attributed to its chemical or 
mechanical effects, or to both simultaneous. The chemical ^ ects of ultrasound are due to 
the implosion of microbubbles, generating free-radicals with a great propoisity for reaction. 
Mechanical effects are caused by shock waves formed during symmetric cavitation, or by 
miarojets formed during asymmetric cavitation. Research enqihasis in this area has largely 
been restricted to the chemical dOfects of ultrasound and physical descr^tions of cavitation. 
The present study is among a very few to attenq)t a chemical engineering analysis of the 
problem More ^ edficaOy, it seeks to discern the mechanisms behind the mechanical effects 
by selecting a model soUd-Hquid noncatalytic reacting system in w^ch the chomcal effects of 
uhrasoimd are negligible. Using several investigative techniques, the e;q)ected effects of 
ultrasound are observed, such as the degradation of the solid reactant, leading to increased 
sur&ce area. More inportantfy, some novel findings of the effects of ultrasound on mass 
transfer parameters are reported. Results clearly show that ultrasound enhances the intrinsic 
mass transfer coefficient as well as the effective difSisivity of the organic reactant through the 
165 
ionic lattice of the product layer. Disceniing the efiEects of ultrasound on mass transfer 
parameters, as done in this pa^er, is an inqtortant st  ^towards understanding the effects of 
ultrasound and detemuning its ^ phcations for the chemical industry. 
4.1 Introduction 
4.1.1 General 
Ultrasound has been used successfiilfy to enhance the rates of mass transfer and reaction in 
several homogeneous (see, e.g., Berlan et al., 1994; Cum et al., 1988) and heterogeneous 
(see, e.g.. Lie Ken Jie, 1995; Luche, 1994) systems. The true chemical effects of ultrasound 
are attributed to the inoplosive collapse of microbubbles which are formed during the 
rare&ction, or negative pressure period, of sound waves. The molecules of the vaporized 
reaction mixture within the bubbles are fractured, forming highfy reactive free radicals. The 
mechanism leading to the formation of these free radicals is in dilute, with two competing 
theories to explain the phenomenon: the hot-spot theory (Noltingk and Neppiras, 1950) and 
the electrical theory (Margulis  ^1985). Arguments for and agaiost these theories are 
discussed elsev\diere (see, e.g., Broeckaert et al., 1992; SusUck et al., 1990). 
The in^losive collapse of microbubbles, typically referred to as cavitation, results in a 
variety of mechanical effects as well When soUd particles are in the vicinity of the cavitation 
bubble, the inq)losion may occur symmetrical  ^or asymmetrical ,^ depending on the proximity 
of the sohds. Symmetric cavitations create ^ ock waves \^ch propagate to the surrounding 
soHds causing microscopic turbuloice and/or thinning of the sofid-liquid film. This 
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pheaomenon is called microstreaming and is thought to be re^onsible for increasiiig the rate 
of mass transfer of reactants and/or products througih the film. When solid particles are in 
close proximity to the bubble, it is unable to collapse symmetrically. This is known as 
asymmetric cavitation and is responsible for the formation of microjets of solvent which 
bombard the solid sur&ce, leading to pitting and erosion. Ultrasound can enhance the rates of 
mass transfer and reaction through these mechanical efifects alone, even if it does not influence 
the reaction chemicalfy, Le. have a "sonochemical" effect. 
The majority of articles publi^ed thus £ir in the field of sonochemistry are qualitative 
accounts of the effects of ultrasound on the initiation, enhancement, and kinetics of chemical 
reactions. Several types of reactions in organic ^ thesis have been investigated, including; 
Diels-Alder cyclizations (see, e.g., Javed et al., 1995), oxidations (see, e.g., Entezai and 
Kruus, 1994; Soudagar and Samant, 199S), KomblumrRussell aOcylations (see, e.g., Dickens 
and Luche, 1991), Michael additions (see, e.g., Jouglet et al., 1991), Claisen-Schmidt 
condensations (see, e.g., Fuentes et al., 1987), Strecker syntheses (see, e.g., Hanafiisa et al., 
1987), and Baibier reactions (see, e.g., de Souza-Baiboza et al., 1987). The effect of 
ultrasound on other chemical systems, such as organometalHc and biological, have been 
conq)iledby Sushck (1988), Mason (1990a and 1990b) and Sinisterra (1992). 
Unfortunately, contributions based on a chemical engineering approadi to the analysis of 
sonochemical reactions have been smprismgl  ^few. A sonodiemical reactor design analysis 
was developed by Prasad Naidu et al. (1994), \^Mch attenq)ts to explain the effect of 
dissolved gases in a liquid reaction mixture usmg a model system: the liberation of iodine 
from an aqueous potassnmi iodide solution. Their modeling efforts were a result of the 
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e^^enmental observations made earlier that the rate of iodine liberation was dependent on the 
atmo^here under whidi the sonochemical reaction was conducted (Hart and Henglein, 1985). 
When the effects of ultrasound were conq)ared those of vigorous mechanical agitation, 
ultrasound was found to give a higher chemical yield, even though the two methods had 
stmilar power consonqition (Ratoarinoro et al., 1995). The authors used an enqiirical power 
correlation given by 
k 2 + 0.4 
z ' -J4_3> 
«dppi  4  f \ 
I  J  (1) 
to predict the intrinsic mass transfer coefficient in the presence of ultrasoimd. When this 
correlation was used by the present authors to estimate an experimental  ^determined intrinsic 
mass transfer coefficient, it overestimated the eTqierimental value by over two orders of 
magnitude. Thus the validity of this particular correlation for the determination of mass 
transfer coefficients in the presence of ultrasound is in question. However, this was not 
critical to the jSndings of Ratoarinoro et al. because the mass-transfer step was not the rate 
limiting £ictor in the reaction under investigation. 
The effects of ultrasound on the intrinsic mass transfer coefficient of a diffiision limited 
reaction, the reduction of ferri- ferrocyanide, were investigated usmg an electrochemical 
mediod (Contamine et al., 1994). The current intensity was measured during the course of 
the reaction at different axial and radial positions in the reactor, enabling the localized intrinsic 
mass transfer coefficient of the ions to the solid sui&ce to be determined. For a batch reactor 
with a probe configuration, the localized values of the mass transfer coefficient, measured in 
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the axial direction, were characteristic of a standing wave \^en the power delivered to the 
system was low (Le. 8 W). HowevCT, as the power delivered to the system was increased, the 
wave pattern diss^ated and mass transfer became hi^er near the probe t  ^and decreased as 
the axial direction firom the probe t  ^increased. In the radial direction, it was found that at 
low powers (Le. 8 W), mass transfer was slightly higjher at the center of the reactor, but was 
con^arable over the cross-section of the reactor. However, as the power delivered increased, 
mass transfer increased at the center of the reactor and diss^ated in the radial direction 
towards the reactor walls. At an iiq)ut power of200 W, the active region in the radial 
direction was equal to the diameter of die hom (the remaining radial direction had negligible 
activity). 
In summary, the literatare review provided answers to some of the questions concerning 
the design and scale-up of reactors. First, it was shown that ultrasound enhances the chemical 
yield over mechanical agitation alone, even w^en the mechanical agitation uses approximately 
the same power consumption. Second, it appears that use of existing correlations, based on 
experiments usmg mechanical agitation, to predict intrinsic mass transfer coef&cients in the 
presence of ultrasoimd may not be sufSdent. More work is necessary to discem the 
mechanical effects of ultrasound on solid-liquid system parameters, such as intrinsic mass 
transfer coefficients and diffiisivities, b^ore correlations can be developed to predict these 
effects. 
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4.1.2 Kinetic modeUi^  approach 
The ^ stem under investigation in this work is the reaction between a noncatalytic 
q>aring]  ^sohible sofid and an organic Uquid. The common approach to this type of reaction is 
to assume that the reaction talces place either in the solid-liquid filnij in the liquid bulk, or in 
both simultaneously (see, e.g., Doraiswamy and Sharma, 1984; Leven^iel, 1972), and is 
presoited as the "Common approach" in Figure 4.1. However, when the sofid is sparingly 
soluble, the most rigorous approach would be to allow &r reaction both in the sofid and fiquid 
phases. This possibility has been considered by Fhadtare and Doraiswamy (1965), and is 
presented as the "Rigorous approach" in the flowchart shown in the figure. Determining the 
rate fimiting step, or steps, by initially accoimting for all reaction possibifities may lead to a 
new understanding of the reaction pathway that could have beoi otherwise overlooked. 
Common ^ iproach 
Reaction takes 
place in the 
liquid phase 
Noncatalytic solid-
liquid reacting system 
Solid is soluble 
or sparingly 
soluble 
Reaction takes 
place in or on 
<the solid 
Solid is 
insoluble 
Discern the 
controlling 
regime 
Reaction takes place both 
in the liquid emd solid 
phases simultaneously 
^se the sharp  ^
inter&ce, volume, 
zone, or any other 
\fluid-solid model 
Solid is soluble or 
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Figure 4.1 Elowchart of modeling approaches when using noncatalytic solid/liquid 
reaction systems. 
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4.13 Objectives 
This p^er is a continuation of reseaich published earlier (Hagenson et al., 1994) A^ch 
investigated the relative effects of a phase transfer catalyst (unsupported tetrabutylammomum 
bromide), ndcropliase, and ultrasound on a model reaction. The present research focuses on 
the effects of ultrasound alone using the same model reaction: synthesis of dibenzyl sulfide 
fiom benzyl chloride and solid sodium sulfide. 
The objective of the presoit investigation is to study the reaction fiom many different 
angles, including tracking the changes in the morphology of the sur&ce using a scanning 
electron microscope, following the effects on the particle size using an image analyzer, 
determining the effect on the sur&ce area using the B.E.T. method on an absorption isotherm 
apparatus, and determining the kinetics by measuring the concentrations of reactant and 
product with a gas chromatograph. Through the use of such tangible information, coupled 
with a study of the reaction kinetics, the effects of ultrasound on this solid-liquid system are 
sought to be more rigorously ^ lored. 
Benzyl Chloride Sodium 
(organic liquid) Sulfide 
(solid) 
Sulfide 
(organic liquid) 
Sodium 
Chlond 
(solid) 
4.2 Experimental Apparatus, Procedure and Tools 
A typical reaction mixture consisted of 1.085x10'^  mol/ml benzyl chloride (99% purity) 
and 10% vifv high purity sodium sulfide (purchased as anhydrous) in acetonitrile as solvent. 
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The "silent" reactions (reactions conducted in the absence of ultrasound) were carried out in 
an enclosed stainless steel reaction vessel operated in the batch mode. The reaction mixture 
was mechanical  ^agitated using an inq)eller. The ten^eratuie was maintained to within ± 1.0 
°C by jacket cooling and was monitored usnig a thennocoiq)le inserted directly into the 
nnxture. 
The sodium sulfide was purchased from Aldridi as chunks, crushed, and sieved to provide 
the same average particle size for all batches. The lot of sodium sulfide significantly affected 
the reaction rate and will be discussed later. The purities of the lots used were reported by 
Aldrich as 102.0% for lot #14025MF and 102.5% for lot #11927MN. These numbers 
represent the sulfide concentration in the compound as determined by titration with sodium 
thiosul&te. In^uiities in the product were not reported in the certificate of analysis. 
Since replications could not be made of all experimental values reported in this paper due 
to a limited siq)p]y of sodium sulfide in each lot, the primary purpose of using lot #11927MN 
was for error esthnation Reported vahies for the rate parametras obtained usmg lot 
#11927MN had an average standard deviation of 4% based on 6 different reaction curves. 
The e?q)etimental data were also combined and the residuals were scrutinized for each of the 
reaction models investigated in this paper. 
Ultrasound reactions were conducted using Sonicator XL2020 (Misonix, Inc.), wiiich 
supplied a constant firequency of 20 kHz to the 1/2 inch titaniimi horn. The power and 
intensity of ultrasound were experimentally determined, and are reported in Section 4.3.1. 
The horn was fitted to the same stainless steel reaction vessd as used for the silent reactions 
(see Figure 4.2) in order to preserve shnilarity of reactor geometries for coniparison of 
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figure 4.2 Experimental apparatus used for sonochemical research. 
e7q)erimeiital data. Isothermal conditions were maintained to within ±0.5 °C. No additional 
mechanical agitation was used. 
The particle size of the sodium sulfide was determined usmg an image analyzer with a 
component system purchased from Fryer Co. Measurements were made at a magnification of 
Sx and were obtained firom batches of over 400 particles. 
The morphology of the solid sur&ce of the sodium sulfide was examined usmg a Hitachi 
Variable Pressure Scanning Electron Microscope (SEM). Most of the san^les required 6 to 
10 kV of signal for a clear picture. 
To determine the sur&ce area of the sodium sulfide, an adsorption isotherm was measured 
using an ASAP2010 (Adsorption, Sur&ce Area and Porosity System) and then fitted using the 
B.E.T. equation. The saiiq)les were degassed at room ten^erature for 12 hours. The 
temperature could not be increased because the sodium sulfide degradated at higher 
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tenq>eratures. This also introduced the problem of an inability to remove excess water \^ch 
was absorbed by the anhydrous sodium sulfide, possibly afiEecting the sur&ce area results. The 
adsoiption isotherm was taken at -77 °K under nitrogen. Argon was not used because the 
sample sizes were large and measurements were consistent usmg nitrogen. 
The con^osition of the organic phase was determined using a Perldn Ehner Autosystem 
Gas Chromatogr^h with a 1/8 in x 6.56 fi; (0.318 on x 2.0 m) stainless steel packed column. 
The packing consisted of 10% SP2250 (liquid phase) on Siq)elcoport (solid support) with a 
me  ^size of 100/120. The oven was programmed with a initial temperature of 150 "C, held 
for 2 nainutes, and then increased at a rate of 32 "C/nm to a final ten^erature of300 °C. The 
peaks were weOrdefined and had good separation with retention times of 2.76 and 7.66 min 
for benzji chloride and diben:^! sulfide, re^ectivefy. 
4.3 Results and Discussion 
4.3.1 Power measurement 
A common problem in the sonochemical literature is that the power delivered to the ^ em 
(as quoted by the manu&cturer) is moitioned, but the actual power diss^ated (Pdis) in the 
reaction mixture is rarely reported. One of the most common methods of measuring Pdiss, 
introduced, by Lorimer et al. (1991), is to use the equation 
A^ere m and Cp are the mass and heat capacity of the solvent, req)ectively, and (dT/dt)t=o is 
the initial slope of the tenq)erature of the reaction mixture versus the time it is exposed to 
(2) 
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ultrasonic irradiation. This equation is based on the use of calorimetry and assumes that all of 
the power entering the reaction mixture is diss^ated as heat 
Before performing e?qperiments to deteimine the ultrasonic power dissipated in the reaction 
system under investigation, the reactor jacket was en^tied and the stainless steel reaction 
vessel was well insulated to prevent any heat losses to the surroundings. Tenq)erature 
readings were recorded at 5 second intervals. Because Equation (2) takes only the heat 
capacity of the solvent into consideration, and because the system imder investigation is 
heterogeneous, the e?q)eriment was repeated 8 times: 4 times with 40 ml of solvent 
(acetonitrile) and 4.0 grams of sodium sulfide (simulating a typical reaction mixture), and 4 
times with 42 ml of solvent. The additional 2 ml of solvent was introduced to account for the 
vohmie change xq>on removing the solids firom the system. The recorded temperatures were 
plotted against time for each of the 8 reactions, as shown in Figure 4.3. 
Experimental data obtained firom the eight different e?q)aiments indicated that the addition 
of the solids to the system had no significant effect on the initial tenqperature rise of the 
thus an of the e?qperimental data were combined. The values used for the parameters 
given in Equation (2) are: m = 8.06 x 10"  ^kmol acetonitrile, Cp(T = 22 °K) = 9.12 x IC* 
J/kmol °K, and (—) = 0.7472 °K/s. The power actually diss^ated by the reaction 
mbcture was S4.9 W, whereas the power delivered (as measured fiom the generator output) 
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Figure 43 Determination of power dissipated by the reaction system: power 
delivered = 166 W. 
was 166 W. This indicates that ^ proximatefy 67% of the power quoted by the manu&cturer 
as being delivered to the honi was lost dining the transfer process to the mixture. The 
manu&cturer of the equ^ment used in this experiment (Misonix, Inc.) had no direct 
explanation as to \^y the losses were so large. They quoted only a 10 to 30% loss in the 
transfer process from the generator to the probe t  ^(refer to Figure 4.2), depending upon the 
age and tuning parameters of the instrument Although the losses will not be e7q)lained in 
detail here, a large portion result from the conversion of electrical energy over the 
piezoelectric crystal and mechanical losses from the propagation of waves through the horn. 
When Equation 2 is altered to account for the heat absoibed by the reaction vessel, as 
given by Equation 3, 
176 
Pdiss~ '^^ J (™solvait^p,-soIvait)'^ ^"" j^p^ (^ws *w) Pvessel^ p, vessd (^) 
the lesult is mudi more reasonable. The second tenn in Ecpiation (3) accounts for the 
temperature rise in the inner wall of the vessel, separating the reaction mixture firom the 
stagnant air layer in the jacket Using the values Aws = 1-34 x 10'^  Xw= 2.4 x 10'^  m, 
Pvessei = 7820 kg/m  ^and Cp, vessel = 477 J/kg ®K for the stainless steel reaction vessel, and the 
experimental  ^determined vabie [ | =0.3374 °K/s for the initial tenoperature rise of 
 ^ dt t=o 
the wall, it was found that 95.4 W were diss^ated. Thus 42.5% of the power delivered was 
lost in the transfer process. This is still lower than one would expect given the manu&cturer's 
information. However, it is more reasonable than predicted usmg Equation (if. Equation (3) 
is an adequate approxhnation because the reaction mixture is weU-mixed and the jacket is 
filled with stagnant air, providing a good insulator between the outer jacket wall and the 
reaction £bid. 
When using a probe system, the intensity (Idiss) of ultrasound in the reaction mixture is 
equal to the power diss^ated (Pdiss) divided by the area of the probe t  ^(A) and is typically 
expressed in W/cm  ^as given in Equation (4). 
I<FC=PDI»/A (4) 
 ^ Since knowledge of the method used to calculate the power dissipated is critical, it is suggested that authors 
report the power delivered as quoted by the manu&cturer, the method used to determine the power dissipated, 
and the experimental value determined using that method. This will make it easier for future researchers to 
compare and contrast their results with published values. 
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Since the probe t  ^has an area of 1.27 cm ,^ the intensity is 75 W/COOL  ^ (As a side note, the 
power setting and horn configuration used in these studies result in an input anopfitude of 108 
microns.) 
43,2 Particle size analysis 
One of the first steps in the study of the effect of ultrasound on this system was to analyze 
the particle size of the soUd reactant over time imder the experimental conditions studied. 
Samples of sodium sulfide were taken fiom each of the batches and the size distribution, based 
on the average diameter of over 400 particles from each batch, was found using image 
analysis. The overall mean diameter of each distribution is ^ own in Figure 4.4 as a fimction 
of time and e7q)erimental conditions. 
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Figure 4.4 The mean particle size of sodium sulfide as a function of time for the 
different experimental conditions studied. 
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As expected, the mean particle size decreased at a &ster rate ^ en usmg ultrasomid as 
compared to mechanical agitation. There is a sHgJit difference in the mean diameto: of 
particles in the presence and absaace of reaction, with particles in the presence of reaction 
being slightly smaller than their mireacted comiteiparts. However, reaction has not greatly 
affected the overall trend in particle size for each of the cases studied. 
Figure 4.5 BBstogram of diameter data for samples under the influence of ultrasound. 
The distributions of particles for three sonicated reactions are shown in Figure 4.5. Each 
distribution has some degree of skewness to the right, but the skewness becomes less 
prevalent with continued exposure to sonication. This indicates that the larger particles 
(particles greater than ~ 40 |im) are broken down to particles in the size range 5-40 |jm 
within 15 minutes of continuous e7q)osure to ultrasound, with the mean size of ~16 |jm. 
These observed effects of ultrasound on Na2S are siq>ported, in part, by the studies of 
• 1 min us Twth reaction 
• 3 min US vitii reaction 
• IS min USvtith reaction 
|i •• I- I !• l" I 
^ ^  
Particle Diameter (^m) 
179 
Ratoaiinoro et al. (1992). Using a cop-horn, th  ^fi)uiid similar effects vv^en continuously 
sonicating another inorganic sofid, KOBL The KOH particles were reduced from their initial 
size of240 {im to a size ranging firom 15 to 20 pm within 5 minutes of sonication. The time 
required to reach a minimum particle size range is dependent upon the properties of the solid 
and the sonochemical equ^ment used. 
4^  ^Kinetic studies 
Several authors have investigated the synthesis of dibenzyl sulfide in the presence of a 
phase transfer catalyst (PTC), including Landini and Rolla (1974) and Tozzi and Cassandiini 
(1975) \^o used tributy]hexade(^hoq)honium bromide (TBHDPB) and 
dilauryldimethylammonium chloride, respective .^ Pradhan and Sharma (1990) report the 
^thesis of dibenzyl sulfide using a hydrated form of sodium sulfide (Na2S-5H20). They 
concluded that, in the presence tetrabutylanmionium bromide (TBAB), the controlUng 
mechanism of the reaction is simultaneous difiusion and reaction in the sofid-fiquid film, also 
known as Regime 3. In our previous publication (Hagenson et al., 1994), conversion of the 
liquid reactant benzyl chloride was reported to increase firom 10% to -80% in the presence of 
the PTC tetrabutylammonium bromide (TBAB) for a reaction time of 15 mmutes and a 
ten:q)erati]re of 25 °C. However, the kinetics of this reaction in the absence of a phase transfer 
catafyst have not been explored in any of the previous publications, and are the intention of 
the present kinetic analysis. 
Kinetic studies were planned to account for liquid and solid phase reactions, but the actual 
kinetic analysis of the data was broken into two parts: anafysis of the liquid phase reaction. 
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described ia Section 4.3.3.a, and analysds of the solid phase reaction, described in Section 
4.3.3.b. This modeling approach is in keeping with tiie '"Rigorous approach" strategy shown 
ia Figure 4.1 in Section 4.1.2. 
a. Liquid phase reaction 
Since the majority of reactions iavolving a sparingly soluble sofid and a liquid occur either 
in the solid-liquid film  ^the liquid bulk, or in both shmiltaneousfy (see Figure 4.1, Section 
4.1.2), the first step ia modeling the liquid phase reaction was to use a power law model 
(Equation 5) to describe the reaction kinetics, where A and B represent sodium sulfide and 
benzyl chloride, respectively. Because the concentration of Na2S available for reaction at any 
given time is 
-rB=kQC  ^ (5) 
unknown, and camiot be detemdned, the method of initial rates was used to detenmne the 
reaction orders for A and B. Solids were placed in the reactor and allowed to dissolve for a 
certain length of time, corre^onding to the initial concentration of A deshed, ^ diere the 
dissolution rate of Na2S was predetermined using atomic emission ^ectroscopy. When the 
desired initial concentration of A was attained, a specified amount of B was injected into the 
reactor vessel This method of e?q)erimentation provided the experimental data necessary to 
use the method of initial rates to determine the reaction orders. A power law model was again 
used, and it was linearized, as shown in Equation 6, in order to obtain the initial estimates of 
k, n, and m required for nonlinear regression anafysis, ^^ere 8 is the random error term. 
HowevCT, \^^en 
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ln(-TAo) = ink+ 11 In Cao+ 10.In Cbo + s (6) 
this modd was used, the residuals contained well defined cmvature, indicating that the linear 
model did not adeq^tefy explain the variation in the data. la addition, poor values were 
obtained (Le. -0.5) and the relative p-vahies of both parameters were greater than 0.1 (p-
vahies have a range from 0 to 1, where a low p-value supports the significance of the 
parameter). As e?q>ected, the p-vahies were reduced \^en one of the associated variables was 
eliminated firom the model equation, but the curvature in the residual plots remained, 
indicating a significant lack of fit From these modeling results, it was concluded that the 
power law model was inadequate to describe the e?q)erimental data. 
The next step was to speculate on the mechanism of the reaction in order to obtain a 
mechanistic model viiich could be used to explain the experimental data. Several chemists 
were consulted, and a variety of reaction mechanisms were investigated, some of which are 
shown in Table 4.1. Li addition, anhydrous hydrochloric add was added to the reaction 
mixture in order to detect any sodium conq)lexes v\Mch would not be detected by gas 
chromatography (g.c.). The addition of HCl would di^lace the sodium ion, forming an 
organic conq)ound, Le. ben;  ^merci^tan, \\diich would be detectable by g.c. However, no 
conq)ounds were detected, with the exception of ben^l chloride and diben^l sulfide (the 
reactant and desned product). Ih addition, the same problems were encountered when 
modeling the experimental data: the residual analysis of nearfy all of the atten^ted models 
exhibited a significant degree of curvature and gave poor values of Thus again it was 
concluded that the derived models were inadequate in describing the kinetic data. 
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Table 4.1 Liquid phase reactioii model discriminatioii. 
Mechanism Model Equation Reasons for 
Rejection 
ki Nt,S 1 N* • N«S 
===• ^ » ff 
^^ -CBiSNb • fho 
t. N« » cr - N>a 
— — = K— —  
rN«,s Cii,JS 
k_i 
where k. 
kik2 
1. Constant tenn 
Pe should be 
close to 0, but 
is predicted as 
»0. 
2. Piedictionfor 
ji)> is negative. 
3. E}q)erimental 
I/r vs. fitted is 
nonlinear. 
Same as above, bat steps 2 and 4 itrevetsible Same as above Same as above 
Vmfi ••• N« * N«5 
k.1 
tit' - a: »a 
k.5 
^ Jt ^ .it ^ 
rN»jS * 
where 
1. Constanttenn 
Po should be 
close to 0, but 
is predicted as 
»0. 
2. Prediction for 
kb is n a^tive. 
3. Expenmental 
1/r vs. fitted is 
nonlinear. 
4. Cmvaturein 
residual plots. 
The presence of a liquid phase reaction was also investigated experimentally. Sodium 
sulfide was agitated in the soh^ent until it was saturated, and then the excess sodium sulfide 
was filtered out of solution. Benzyl chloride was then added to the saturated solution, 
agitated for 15 minutes, and anafyzed for products. However, sodium sulfide is so ^ aringly 
soluble (-1.43 x 10"  ^molNa2S/n]l solution at saturation) in solvent acetonitrile that the 
amount of baizyl sulfide produced was negfi^le, and well within the experimental variability 
of the gas chromatograph. 
At this point in the kinetic analysis, it speared that the liquid phase reaction was 
negligible. This conclusion was supported by both the experimental and modeling studies. 
Thus attention was focused on the sofid-phase reaction. 
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b. Solid phase reaction 
Since the sofid reactant, sodium sulfide, is nonporous and the reaction is irreversible, as 
detemnned by thermodynamic calculations based on the Gibbs free energy of reaction, the 
shaip inter&ce model (SIM) was used to describe the reaction occurring in or on the solid 
sur&ce. This proved successfiil both in the presence and absence of sonication, and is 
described below. 
The SIM model has been described in detail by Mazet (1992), Doraiswamy and Sharina 
(1984), and Levenspiel (1972), and is based on the following assunq>tions: 1. the reacting 
solid is noiq)orous, 2. isotheimal conditions are maintained, 3. the counterdiffiision of 
reactants and products is equimolal, 4. the size of the solid particle is constant, S. pseudo-
steady-state diffiision through the product layer is valid, and 6. the reaction is irreversible and 
first order with respect to the liquid reactant. The validity of assunqition 4 is questionable, 
because the particle size changes over time, as shown in Hgure 4.4. However, after 3 minutes 
of reaction, the change in particle size is small Thus the radius of the particle used in the 
modeling was the radius after 3 minutes of agitation (Le. 26 pm) or sonication (Le. 20 pm). 
The overall SIM model (for a spherical pellet) is given by the well-known relation 
where XA is the conversion of the solid reactant. The first term in Equation (7) accounts for 
dififiision of the liquid reactant through the solid-liquid fihn, the second accounts for diffiision 
of the same reactant through the product layer surrounding the unreacted core of the soHd, 
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and the third accounts for the reaction on the sur£ice of the unreacted core. These terms can 
limit the progress of the reaction individual ,^ simultaneously, or in combination with one 
another. After anafyzing the eT^etimental data, it became clear that, for this particular ^ ^em, 
only one term limits the course of the reaction at any time, but the limiting step depeads on 
the extent of conversion of the solid. The final resuhs of the kinetic analysis are discussed in 
the following sections. 
c. Silent reactions 
The conversion of benzyl chloride to diben  ^sulfide for the silent reactions is shown in 
Hgure 4.6 for four di£^ent tenqieratures. No side products were detected on the gas 
chromatogr^h when the organic phase was anafyzed. In addition, anhydrous hydrochloric 
add was added to the san^les to protonate any sodium con^lexes and then analyzed for side 
products A^ere none were found. Thus it was assumed that the reaction only produced the 
products dibenzyl sulfide and sodium chloride. The negative value for the Gibbs firee energy 
of reaction indicated that the reaction was irreversible. 
The SIM model of the e7q)erimental data for the silent reactions, when using sodium sulfide 
lot # 1402SMF, indicates that the reaction is limited by diSiision of benzyl diloiide through 
the product layer. The product layer on the sur&ce of the unreacted core of the sodium 
sulfide is most likely sodium chloride >\diich crystallizes as the reaction progresses. The 
experimental data in Figure 4.6 are described by Equation 8. Because the terms Ro, CB, MA, 
and PA are known, and the relationship between XA and t was obtained e7q)erimentalfy, the 
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0-3(1-.,)^+2(l-x,)] = ^ . (8) 
value of the effective diffiisivity was extracted firom Equation (8), and is shown in Figure 4.7 
as a fimction of absohite ten^erature. 
It is difficult at this time to determine the ^ e of diffiision occurring in this system because 
the tenq>erature range is narrow. It is ^ parent, however, that the values of the effective 
diflBisivities are very low, with an order of magnitude of 10"^  ^cm^/sec. Typical diffiisivity data 
given for gases in solids are on the order of 10'^  cmVsec, for liquids in solids are 10'^  cm^/sec, 
and for soUds in solids are < 10''° cmVsec. Thus the limiting difSisional step could either be 
ICnudsen diffiision in very small pores or solid state difSision. 
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Figure 4.6 Effect of temperature on the silent reaction: Na2S lot #14025MF. 
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d. Sonochemical reactions 
The addition of ultrasound to the model reaction leads to a significant increase in the 
conversion of benzyl chloride to sodium sulfide, as shown in Figure 4.8. Another interesting 
feature of this figure is the discontinuity in the curve for ultrasound at approximately 5 
minutes. Looking at the data collected for ultrasound at different tenq>eratures (see Figure 
4.9), it is apparent that the transition occurs at approximately the same time for all of the 
reaction curves. At lower times the rate limit ing step is the transfer of benz3d chloride through 
the soM-liquid fihn (as shown by Equation 9), \^e at higher times the reaction is controlled 
by the effective diffiision of benzyl chloride through the product layer (shown previously in 
Equation 8). Referring back to Figure 4.8 showing the 
RQ _ 
3ki ^ 2PA 
(9) 
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enhancement of the model reaction with ultrasoimd, it spears that the same transition firom 
fihn transfer fimited diffiision to ash layer limited difSision may be occuning. However, there 
is not enoiigh e?q)erimental data in this region to substantiate the film transfer model An 
additional amount of experimental data would have been gathered, but there was a limited 
amount of sodium sulfide lot #14025MF. The lot of sodium sulfide used significantly affected 
the results, as will be discussed in Section 4.3.S. 
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Figure 4.8 Enhancement of the model reaction with the addition of ultrasound. 
As in the case of the mechanically agitated reactions, the vahies of ki and De in the 
presence of sonication can be extracted firom the e?q>erimenta% determined relationsh  ^
between XA and t The intrinsic fiquid-phase mass transfer coefGicient, ki, increases linearfy 
with tenq^erature (see Figure 4.10) until 30 "C, vdien it becomes constant. The effective 
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difBisivity increases with tei]q)erature imtil 30 °C \^^ere it plateaus, as shown in Figure 4.11. It 
cannot be detemnned at this time vs^ether the relationsh  ^is linear as in the case of stirring, or 
curvilinear. This may be due to such &ctors as cavitation, e>qposure to extreme tenq>erature 
and pressure, and/or other localized conditions caused by sonication. It also may be likefy that 
the effect of ten^erature on the effective difBisivity of the elementary steps involved in the 
overall reaction are different, and \^t is observed is the resultant of these effects. It is 
obvious that ultrasound significantly increases the effective difiusivity of benz  ^chloride 
through the product layer. And, as in the case of the silent reactions, the values of the 
effective difSisivity are on the order of magnitude of 10'^  ^cm^/sec, \^ch indicates IQmdsen 
difSision through very small pores or solid state difSision. The of ultrasound on the 
effective difBisivity poses an interesting problem for fiiture research. 
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figure 4.9 Effect of temperature on the sonochemical reaction. 
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4 .^4 Effect on surface area 
After the sofid particles were filtered and dried, they were anafyzed on an ASAP 2010, 
using the B.E.T. method, to determine their sur&ce area. The results shown in Figure 4.12 
iq)hold those from the kinetic analysis, Le. the sur&ce area of the solids increases when 
reaction occurs within the sfystem, clearfy indicating the presence of a product layer (NaCl), 
>^ch is more porous than its unreacted coimterpact (Na2S). la addition, although the salt 
layer is more porous, the surfece area measurement of 2.5 mVg indicates that the pores are 
not veiy large. Another &ctor parent firom the figure is that the particles e?q)osed to 
ultrasound had a higher sur&ce area than those subject to stirring. This result can also be 
intuitively guessed since ultrasound leads to particle degradation, thereby increasing the 
intei&cial area available for solid-liquid contact. 
3000 T 
#Stirnoixn 
• Sdrixn 
A US; no Txn 
• US: rxn 
£ SOO -• 
0 
0 5 10 15 
Time (mm) 
Figure 4.12 Effect of mechanical agitation and ultrasound, in the presence and absence 
of reaction, on the interfacial area. 
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43.5 Effect of sodium sulfide purity 
Unfoitunatefy, the lot from wMch anhydrous sodium sulfide was used as a reactant had a 
large effect on the overall conversion of ben;Qd dbloride. Because previous publications 
conceming this reaction did not report this, it was an une7q)ected and undesired &ctor in 
conducting the ov^all research. Figure 4.13 shows the difference in conversion of ben^l 
chloride obtained when iigjng two different lots of anhydrous sodium sulfide. For both stirring 
and sonicated reactions, lot #11927 led to a higher conversion ofNa2S, thus a higher rate of 
reaction. However, this effect is much more pronounced in the presence of ultrasound. When 
modeling the data, it was found that both the effective difBisivity and the intrinsic mass 
transfer coef&dents are higher for lot #11927MN than for lot #1402SMF. The e?q)erimentally 
determined values are summarized in Table 4.2. 
0.3 T 
«Stir: #14025 
• Stir: #11927 
A US: #14025 
• US: #11927 
0 5 10 15 20 25 30 36 
TimeOnn) 
figure 4.13 Conversion of ben l^ chloride to diben l^ sulfide for different lots of 
anhydrous sodium sulfide: temperature = 22 *C. 
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Table 4J; Effect of sodium sulfide lot on the rate parametm ki and D.. 
T = 22''C 
Stirring 
lot#14025MF 
Stirring 
lot#11927MN 
Ultrasound 
lot#14025MF 
Ultrasound 
lot#11927MN 
ki (cm/sec) 1.4 X 10'^  
(± 0.12 X lO'V 
4.2 X 10-^ 2.7 X10-^ 
(±0.07xW^* 
De (cmVsec) 1.1x10-^  ^ 1.4 X 10*^° 
(±0.07x10-'®)* 
4.5 X 10-" 4.6 X 10-^° 
(±0.04xlO* 
^standard deviation is based on 6 replicated teaction curves 
The intrinsic mass transfer coefficient in the case of stirring, lot #14025MF, could not be 
e7q)erimental]y determmed for reasons previously discussed. The standard deviations for all 
values wetQ calculated for reactions using lot #11927MN, but repUcates were not made of 
con^lete rate curves for lot #14025MF because the manu&cturer had a limited supply. In 
addition, a conplete statistical analysis was performed on all of the sofid-phase reaction 
models \Ndiich siqiported the data shown in Table 4.2. 
Alterations in rate parameters caused by changing the lot of soM reactant are most likefy 
due to inqiurities within the crystal during its production, even though both lots were 
purchased firom Aldrich Chemical and were of snnilar purity. X-ray diffraction was used to 
analyze both lots, but no differences between them could be observed. Both the identification 
of the in^uiity (or inq)uiities) and its (their) role in altering the rate parameters of this model 
reaction are unknown at this time. 
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4 .^6 Morphology of the solid surface 
A scanning electron microscope was used to look at the effect of both mechanical agitation 
and ukrasomid on the morphology of the sur&ce of the sodium sulfide particles. For 
conq)arison, images were first taken of sanq>les obtained directly firom the sieve, Le. which 
had not been e7q)osed to either ultrasound or stirring. As shown in Figures 4.14 a and b, the 
solids appeared to be noo^orous and had a block-like structure. 
(a) (b) 
F^ure 4.14 SEM images of fresh (unaltered) particles of anhydrous sodium sulfide. 
After the particles were exposed to 15 minutes of stirring (Figure 4. ISa) or ultrasound 
(Figure 4.15b) in acetonitrile the structure of the particles changed dramatical .^ The 
somewhat fiat and smooth sur&ce of the firesh sanqile became very rough and grainy. In 
addition, the block-like structure had beooi eliminated. However, when conq)aring the 
morphology of the mechanical  ^agitated particles to those e7q)osed to sonication, no 
significant distinguishing features were apparent. 
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(a) (b) 
F^ure 4.15 Appearance of solid sodium sulfide particles after exposure to 15 minutes of 
mechanical agitation (a) or ultrasound (b). 
(a) (b) 
Figure 4.16 Appearance of solid sodium sulfide particles in the presence of reaction 
and mechanical agitation (a) or ultrasound (b). 
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Images taken after 15 mmotes of reaction in the presence of stirring (Hgure 4.16a) or 
ultrasound (Figure 4.16b) are very dissimilar. Particles subject to shnnltaneous reaction and 
stining were very rough and grainy, as they were in the absence of reaction (Figure 4.15a). 
However, the particles in the presence of reaction and sonication (Figure 4.16b) appeared to 
be smoother. 
The sh^e of the particles as shown in these figures may lead to questions concerning the 
use of the q)herical form of the sharp-inter&ce model However, \^en the particles are 
irregularly shaped, as in this case, the spherical form of the SIM model shoiild provide 
parameter estimates with higher accuracy. 
4.4 Conclusions 
Several findings are r^orted in this paper concerning a solid-liquid reaction and how it is 
affected by e^qposure to ultrasonic irradiation. The most in^ortant of these are that 
ultrasound increases 
1. the intrinsic mass transfer coefficient of the liquid reactant through the inter&dal fihn by a 
fector of~2, and 
2. the effective difiusivity of the liquid reactant through the product layer surroundmg the 
unreacted core by a &ctor 3.3 (4.1 for lot #14025). 
Other mvestigative methods sudh as particle size anafysis and surfiice area determination 
siq)port the modeling results. 
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It is difELcult to discern the intrinsic effective diffiisivity is enhanced more for one lot 
tliiwi the other, bat infinities affecting the formation of the product layer may be the most 
logical explanation. Fmther work in this area is clearfy necessary. 
4.5 Nomenclature 
A probe area 
Aws area of wetted sui&ce of reaction vessel 
CA concentration of solid reactant 
CAO initial concentration of soM reactant 
CB concentration of liquid reactant 
CBO initial concentration of liquid reactant 
Cp heat capacity of solvent 
Cp, vessel beat capacity of reaction vessel (stainless steel) 
D difSisivity of reactant through soK^ent 
De effective diffiisivity of liquid reactant through soHd product layer 
dp diameter of solid reactant 
e power dissf ated per unit mass of liquid 
Fc ^pe &ctor 
I intensity of ultrasound 
ki intrinsic solid-liquid flm transfer coefGicient 
ks 
m 
MA 
n 
Pdiss 
R 
Ro 
-fAO 
-13 
t 
T 
Tv 
Xa 
Xw 
Greek letters 
W 
PA 
Pi 
Pvessel 
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rate constant of sur£ice reaction 
mass of solvent 
molecular weight of solid reactant 
stoidiiometric coefficient 
power diss^ated in reaction Q^em 
regression coefficient 
radius of sofid reactant particle 
initial rate of dis^earance of solid reactant 
rate of disappearance of liquid reactant 
time 
teoq)erature 
teniperature of the reactor vessd 
fractional conversion of solid reactant 
thickness of the inner wall of the reaction vessel 
viscosity of bulk liquid 
density of solid reactant 
density of bulk liqmd 
density of reaction vessel (stainless steel) 
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CHAPTERS. 
USE OF ULTRASOUND TO I^UCE SITFERSATDRATION IN A 
SOLID-LIQUID SYSTEM 
A paper prepared for submission to Chemical Engineering Science 
Leig  ^C. Hagenson and L. K Doraiswamy 
Abstract 
Ultrasoimd has been found to induce the siqpersaturation of a q>anngly sohible sofid in a 
fiquid system. Two different types of solid-liquid systems were investigated: sodium sulfide in 
acetooitrile and calcium citrate in water, with the former being investigated in more detail In 
the presence of ultrasound, the concentrations of these solutes in their re^ective solvents 
were increased at least 1.4 times the equilibrium saturation concentrations. Possible 
medhanisms leading to this enhancement are discussed. 
5.1 Introductioii 
It is weE known that the rate of dissolution of a solute A in a solvent depends iq>on the 
intrinsic mass transfer coefficient KSI, the inter&dal area a and the driving force ( -CA), as 
shown by Equation (1). Although several methods exist to oihance the rate of mass 
transfer by increasing ksi and a, there is no tedmique capable of increasmg the driving force, 
untilnow. The use of ultrasound has been foimd to increase the dh'vm^/orce for mass 
(1) 
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transfer, with the added benefit of snnultaneoiisfy increasing the both the intrinsic mass 
transfer coefficient (ksi) and the inter&cial area (a). This pqier intends to: 1. present 
experimental evidoice that high-power ultrasound induces st^ersaturation in a model soHd-
fiquid system; 2. postulate the mechanism by this si^ersaturation is achieved; and 3. 
examine if this phenomenon is unique to the model system investigated. 
5.2 Theory 
When an ultrasonic wave propagates through a liquid medium, cavitation bubbles are 
formed during the rarefection, or negative pressure period, of the sound wave. The mavimiini 
tenq)erature (Tmax) aiid pressure (Pmax) attained during an adiabatic bubble collapse for a gas 
filled, transient bubble can be estimated ii«nng Equations (2) and (3), re^ectively 
T =T 
'•max *0 
P =P 
_ Y 
Y-1 
(2) 
(3) 
(Nqppiras, 1980). These relationships were developed neglecting sur&ce tension and 
viscosity of the fluid, and assuming ideality of the gas. If the cavity contains vapor as well as 
gas, the collapse will be cushioned and the maximum pressure and tenq)erature will be 
reduced because some of the energy will be used to condense the vapor. 
When a cavitational bubble implodes, a localized hot spot is formed along with extremely 
large tenq)erature and pressure gradients, as shown in Figure 5.1. The solvent within the 
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tenqieratore and pressure gradient with some range, exist as a si^ercritical fluid (SCF) 
(Hoffinann et al., 1996). In the absence of ultrasound, it has been shown that sofid particles 
\\iiich are typically insoluble or only slightly soluble in a solvent at ambient conditions may 
have very high solubilities in the same solvent when it is in a si^ercritical state (see, e.g.. 
Tester and Model], 1997; Mullin, 1993). 
T„„»5000K 
Pmar «300atm 
Point 
heat 
source 
Bulk 
liquid 
To = 298K 
Po = 1 atm 
Radial gradient 
— Point heat 
source 
Tm/n-estimated at SOOO K 
Pmax estimated at 300 atm 
Bolkliqaid To = 298K 
phase Po = latm 
Symmetric collapse 
Figure 5.1 Symmetric collapse resulting in localized hot spot. 
When solid particles are present in the fluid ^ stem, the cavitational event may occur 
symmetrical  ^or asynmietrically, dq)ending upon the proximity and size of the solids. Small 
solid particles ( < -200 |im in diameter) do not pertuib the symmetry of the collapse, and 
collapse occurs as in Figure 5.1. In addition to the formation of a point heat source. 
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symmetric cavitation is re^onsible for the formation of large shock waves \^ch produce a 
variety of physical events, sudi as microstreaming and particle acceleration. Microstreaming 
is the localized turbulence of the solid-fiquid fihn which accelerates the rate of mass transfer 
through the film by increasing the intrinsic mass transfer coefficient. Shock waves also cause 
nearby particles to move away j&om the cavitational event in a radial direction with great 
speed. These particles colfide with surrounding particles with such force that particle 
degradation occurs and, m the case of metallic particles, fiision and localized mdting may 
result. 
When a bubble cavitates near a solid \^diidli is several orders of magnitude larger than the 
bubble (ie. particles > -200 {om in diameter), the cavitation is retarded and the bubble 
inq)lodes asymmetrically, forming a microjet of solvoit perpendicular to the solid suii&ce, 
wiiich causes sur&ce erosion and is re^onsible for the cleaning effects of ultrasound. 
5.3 Experimental Apparatus, Procedure and Tools 
The model heterogoieous system under investigation is the dissolution of 10% w/v high 
purity sodium sulfide (purchased as anhydrous) in acetonitrile. The "silent" reactions, 
reactions in the absence of ultrasound) were carried out in an enclosed stainless steel reaction 
vessd operated in the batch mode. The reaction mixture was medianicaDy agitated using an 
in^eller and the temperature was maintained to within ± 1.0 °C by jacket cooling and 
measured using a thomocouple inserted directly into the mixture. 
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Ultrasound reactions were conducted using Sonicator XL2020 (Misonix, Mc.), which 
suppfieda constantfirequoicy of20kHiztothe 1/2 in titanium horn. The power of ultrasound 
diss^ated by the reaction system was 95.4 W as determined »q>erimentally usmg calorimetiy 
(Hagenson and Doraiswamy, 1997a). The power entering the system as quoted by the 
manu&cturer was 166 W; thus 42.5% of the power delivered was lost in the transfer process. 
The horn was fitted to the same stainless steel reaction vessel as used for the silent reactions 
(see Figure 5.2) in order to preserve shnilaiity of reactor geometries for conq)aiison of 
e7q)erimental data. The dissolution ej^eriments were canied out in the batch mode in a 
random order. Isothermal conditions were maintained to within ± 0.5 °C. 
CONVERTOR 
GENEEIATOR 
DISRUPTER HORN 
PROBE TIP 
COOLING INLET 
REACTION MDCrURE 
COOLING OUTLET 
Figure 5.2 Experimental apparatus used for sonochemical research. 
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The sodimn sulfide was purchased fiom Aldrich as anhydrous chunks. It was crushed, and 
sieved to provide the same average particle size (~ 34 {xm) for all batches. Although measures 
were taken to preserve the anhydrous nature of the solid, water was unavoidably absorbed 
during the e^^erimaital process. Several batches of sodimn sulfide were anal '^zed usmg X-ray 
diffraction, and were found to be con^rised of NaiS - 5H2O. The fii% hydrated form is 
NazS 9H2O. 
A Smith-Hie^e Atomic Absorption Spectrophotometer with a wavelength of 589 mn and 
a bandwidth of 0.5 was used to measure the concentration (ppm) of Na  ^in acetonitiile. 
Standards and sanqiles were analyzed using a 50:50 water/acetonitrile matrix. 
5.4 Results 
Results of the dissolution studies of sodium sulfide in acetonitrUe are siiown in Hgure 5.3. 
The data points shown in the gr^h are mean values of 2 to 8 indepoident measurements 
obtained fiom randomized, batdi experiments. Since the variances of the silent and sonicated 
reactions were found to be eq  ^through hypothesis testing, they could be pooled giving 
Sp = 2632 based on 101 data points. Thus, the standard deviation of each mean ( x ) given 
in Figure 5.3 is 5.13 ppmNa" .^ 
As is {^parent in the figure, ultrasound greatly increases the rate of dissolution of Na  ^in 
solvent acetonitrile over that of stirring alone. At this point, two observations can be made; 
first, ultrasound increases the amount of Na  ^in solution, past the equilibrium saturation level 
of 65.1 ppm obtained afier 5 minutes of stirring alone, to 92.4 ppm at 17 minutes of 
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sonication. This is 1.4 times the saturation concentration . Second, although the 
concentration of Na  ^in sofajtion begins to decrease between 17 and 27 minutes of sonication, 
it increases to the same concentration level at 37 mimites as was observed at 17 minutes. This 
behavior continues in a cycUc manner for 67 minutes of continuous sonication. 
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f^ure Supersaturation as a result of exposure to ultrasound. 
In addition to analyzing the concentration of Na  ^in the bulk solution, experiments were 
also conducted on the filtered solvent. After each of the batch dissolution studies were 
performed, the heterogeneous ^ stem was fOtered and the clear filtrate was left to sit in a clean 
sanq)le viaL After 1 1/2 hours, prec^itation of the sodium sulfide was observed. The crystals 
obtained ftom the filtrate are shown in Figure 5.4 for a. 8 minute and b. 17 minute sonicated 
samples. The crystals within each batch are q)proximatety the same length and width. The 
lengths of the crystals obtained firom the 8 minute sonication san^le were normally distributed 
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with a mean of 18.6 |im (with a 95% confidence intea^^al of 18.13 < p. < 19.03) and an 
average width of 5.5 |jm. The loigths for the 17 nmnte sanqile were also normally 
distrilmted, with a skew to the left, with a mean of 23.3 pm (with a 95% confidence interval 
of22.48 <n<24.16) and an average width of 5.8 (jm. This type of crystal formation is 
indicative of primary, homogeneous nucleation. 
To ensure that the sodium sulfide was not altered during dissolution and exposure to 
ultrasound. X-ray diffraction studies were carried out on the solid before dissolution and after 
17,47 and 67 minutes of dissolution and exposure to ultrasound. Each sanple was fi)und to 
contain Na2S - 5H2O. No other coiiq>lexes of sodium were present 
a. 8 minutes of sonication b. 17 minutes of sonication 
Figure 5.4 Crystal formation in filtrate of supersaturated solutions (dissolution 
temperature = 22 "Q. 
209 
5.5 Discussion 
Several siranltaneous events are occoning in a system e^osed to high power ultrasound 
\Adiich may lead to the enhancement of the dissolution rate of a q>aringl  ^soluble solute (A) in 
a solvent. These events are summarized in Figure 5.5, and are explained in more detail in the 
following paragraphs. References are given to direct the reader to more infonnation 
concerning the various enhancements. 
dt 
= a (C;-Ca) 
Increased 
microstreaming 
(localized tuibulence 
in the solid-liquid 
film) (Hiagenson and 
Doiaiswamy, 1997a; 
Elder, 1959) 
Increased interpaiticle 
collisions leading to 
particle degradation or 
erosion of the particle 
sur&ce due to microjets 
(Neppiras, 1980; Suslick 
etal, 1987) 
1. 
2. 
Increased solubility in SCF at 
cavitation site, lea^g to 
supersaturation of bulk solvent 
at ambient conditions. 
Possible Ostwald ripening of 
particle fragments < 1.0 (xm. 
Figure 5.5 Ultrasonic enhancement of dissoiation. 
5.5.1 Formation of supercritical fluid 
The solubility of a non-volatile solute in. a solvent can be altered dramatical  ^when the 
tenq)erature and pressure of the system are slightly above the critical point of the solvent. In 
the metastable region at tenq)eratures and pressures above the critical point, the solvent is 
neither a distinct liquid or a distinct gas, and is referred to as a siqierciitical fluid (SFC). The 
solubility of a solute in the presence of this fluid may be significantly greater than at ambient 
conditions. The cyclic behavior of the concentration ofNa"  ^in solution as a function of 
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sonicatioii time, ediibited in Figure S.3, may be due to random fluctuations in the average, or 
may be a result of counteracting mechanisnos of dissolution and precipitation. It is inq)ortant 
at this point to reiterate that the dissofajtion studies were earned out in a batdi reactor in a 
randomized order. 
If one knows the total amount of sohite dissolved (ppm) as a flmction of tenq)erature both 
below and above the critical point of the solvent, the concentration of the sohite (A) can be 
determined for each cavitational event, as siiown by 
i; ucL 
cA. pet babUe W = J solubitity + J ^  solubility (4) 
To Tc 
Then knowing the number of cavitational events (N) per unit time of sonication, the total 
concentration of solute obtained as a result of sonication (CA, BUB) can be determined, as 
shown by Equation (5). The number of cavitational events has been estimated by Prasad 
N 
^A, BUB W ~ per babble (^ ) 
i=l 
Naidu (1994) by measurmg the fiberation of iodine. Using an ultrasonic bath with a frequency 
of 25 kHz and an input power of250 W, th  ^estimated that 2.64 x 10^°bubbles were 
collapsmg per unit volume (1) per unit time (s) in an aqueous solution. For the purposes of 
this paper, this number serves only as a very rough estimate because of the dif^ences in 
system configuration (probe with different operating parameters) and solvent/sohite mixture. 
For more information as to >^y this is only a rough approximation, refer to Hagenson and 
Doraiswanty (1997b). 
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Next, assommg that the concentratioii of solute dissolved as a result of babble collapse is 
independent of the concentration dissolved as a result of agitation of the solvent, and 
assuming that all of the solute dissolved remains sohibilized (Le., there is no prec^itation of 
solute depleting the concentration in the solvent), then the total concentration of solute 
dissolved per unit time for the sonicated system is given by 
C A.US W = C A (0 + C A. BUB W (6) 
However, as discussed previously, prec^itation of the solute may be occurring, and the 
processes of dissolution and prec^itation may be occurring simultaneous .^ As is apparent, a 
large amount of information is required before this approach to determining the enhanced 
solubility as a result of cavitation can be verified or e^^anded. 
5.5.2 Gibbs-Thompson relationship 
In addition to enhanced solubility of a solute as a result of cavitation formation, another 
mechanism may be acting snxnihaneously \^^ch is indirect  ^caused by the cavitational event, 
hi 1900, Ostwald applied the relationship of particle size and solubility, origina% developed 
by Thonq>son in 1878, to solid-liquid systems. He found that very smaU particles ( <1.0 
win continue to dissolve even afier equilibrium saturation of the solvent has been attained. 
The increased solubility is due to the pressure difiference between the bulk fluid and the ciuved 
inter&ce of the small solid particle. This relationsh  ^is termed "Gibbs-Thon^son", "Ostwald-
Freundlich" or "GSbbs-Kelvin", and is given by 
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C\ J vRTopr 
vsdiere CA(r) is the solubility of the cmaH paiticles of size i, is the equilibriuni solubility of 
the substance, M and p are the molecular wdght and density of the solute, y is the inter&dal 
tension of the crystal in contact with its own solution, R is the gas-constant, T is the 
tenq>erature of the grstem and v is the number of ions in a formula unit of solute. 
Gibbs-Thon^son relationship is used to e^qilain the all of the observed enhancement in 
solubility ofNaiS in acetonitrile, then Equation (7) can be used to predict the radius of the 
particles required to obtain such an enhancement. Using CA(r)/ C^= 1.4, the radius of 
particles required are approximately 8.77 x 10'^ ° m or 8.77 A (angstroms). The unit crystal 
size of Na2S is 6.53 A. It is feasible that, iq)on e7q)osure to ultrasound, extremely small pieces 
of Na2S are broken off of the parent crystal Particle fragmentation occurs as a result of the 
formation of shock waves fiom cavitation. In addition, the sur&ce of the particles may be 
bombarded by microjets of solvent formed during asymmetric cavitation, leading to erosion of 
the particles. Both of these mechanical effects of ultrasound may produce particles in solution 
wiudi are smaller that 1.0 fjm and are capable of dissolving past the point of equilibrium 
saturation. However, nrnimniTn radii of particles produced by such processes are not known 
at this time. 
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5^  ^Supersaturation of an aqueous system 
The siq>ersaturat(m of Na2S in acetonitnle in the presence of ultrasound is not a unique 
phenomena. The dissohition of calcium citrate in water was investigated in order to determine 
if it was possible to induce si^ersaturation in an aqueous system as wdl as the organic system 
previous  ^studied. The magnitude of supersaturation achieved with ultrasoimd is slightly 
higher than that of the organic system (Le. CpJ = 1.7 and 1.4 for the aqueous and organic 
systems, req)ectively), as diown in Figure 5.6. The trend is also slightly different. The dotted 
line is representative of the saturation concentration of Ca  ^in the absence of ultrasound. 
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Figure 5.6 Dissolution of calcium citrate in water. 
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5.6 Conclusions 
Ultrasouiid significantfy enhances the sohibility of an inorganic sofid in a model organic 
and aqueous systCTL The solubilities of two model systems, calcium citrate in water and of 
sodium sulfide in acetonitrile, were increased 1.4 times or more than the equilibrium saturation 
concentration obtained with mechanical agitation. The concentration of solute may have been 
increased in the presence of ultrasound because of the well-known formation of cavitation 
bubbles in the bulk liquid mixture during the rare&ction period of the sound wave. When 
these bubbles iiiq)lode, localized hot-^ots are formed which contain solvent in a supercritical 
state. The solid, \^Mch is typically insoluble or q)aring]  ^soluble in the solvent at ambient 
conditions, is highly soluble in the solvent v^en it exists as a siq)ercritical fluid (SCF). Thus, 
although the solubility of the solute is significantly greater in the regions containing SCF, the 
"monory" of this inoreased solubility is maintained even after the hot-spot diss^ates into the 
bulk fluid at ambient tenq)erature and pressure. The solubility may have also been increased 
due to the pressure difference between the bulk fluid and the curved inter&ce of the small 
solid particle. 
The ^ plications of using ultrasound to enhance the solubility of a ^aringly soluble soHd 
are numerous. It would be very beneficial if a chemical reaction occurred in the liquid phase 
and was limited by the quantity of soHd reactant available in solution. It could also be used to 
increase the quantity of toxins in solution to increase the rate of bioremediation. 
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5.7 Nomenclature 
Symbols 
a inter&dal area 
CA concentration of solid 
CA3UB concentration ofA in solution as a result of cavitation 
equiUbrium saturation concentration of solid A in solvent B 
ksi intrinsic mass transfer coefficient 
M molecular weight of the solute 
N number of cavitational events pa: unit time 
r radius of the sohite particles 
R gas constant 
Tc critical teirq)erature of the solvent 
To ambient ten:q)erature of the solvent 
Greek letters 
Y sur&ce tension between the sohite and the solvent 
V number of ions in a formula unit of the solute 
p density of the solute 
216 
Acronyms 
SFC siq)ercritical fluid 
UCL upper critical Kmit of the solvent 
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CHAPTER 6. 
GENERAL CONCXUSIONS 
The primaiy objecdves of this research were to discern the mechanical and dtiemical effects 
of ultrasoimd on a model soUd-fiquid ^stem. Researdi in this field was necessary because the 
effects of ultrasound on the parameters conceming chemical engmeering desiga and scale-iq), 
such as the intrinsic mass transfer coefficient and the effective difBisivity, were uncertain. To 
investigate such effects of ultrasound, a model sofid-fiquid reaction was selected and used 
throughout the research program. The reaction, the synthesis of dibenzyl chloride fiom benzyl 
chloride and soHd sodium sulfide, was affected exclusively by the mechanical effects of 
ultrasound because it follows an ionic mechanism 
Before detailed modeling of the kmetics of the reaction could be undertaken, it was 
necessary to discern where the reaction was occurring. Typically, \^^en a reaction involves a 
sparingly soluble sofid reactant and a liquid phase reactant, the reaction is assumed to take 
place in the liquid phase. However, a non-traditional approach was used in this research 
which assumed that the reaction could take place in both the liquid and soHd phases 
simultaneous .^ Afier an exhaustive investigation, it was concluded that the reaction occurred 
on the sofid sui&ce and that the liquid phase reaction was negfigible. It was also found that 
the experimental data were adequately e?q)lained usmg the sharp-inter&ce model At low 
times, the reaction was limrted by the d^ffiision of benzyl diloride through the solid-liquid film, 
while at hi^er reaction times, the effective difiiision of benzji chloride through product layer 
became the rate controlling step. Using this model, information about the effects of 
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ultrasound on mass transfer parameters was obtained. It was concluded that ultrasound 
increases: 
1. the intrinsic mass transfer coefficient of the fiquid reactant through the inter&cial £3m by a 
fector of~2, and 
2. the effective difBisivity of the liquid reactant through the product layer surroimding the 
unreacted core by a fector 3.3 (4.1 for lot #14025). 
Other investigative methods such as particle size anafysis and suifece area determination 
supported the modeling results. 
During the course of the research, another effect of ultrasound was found which was 
previously unr^orted. Ultrasound enhanced the solubility of a q)aringly soluble solid by a 
fector of 1.4 over the equilibrium saturation concentration obtained with stirring alone. The 
concentration of Na"  ^in solution as a function of sonication time was cyclic in nature, possibly 
due to random fluctuation in the average or to conq)etnig dissolution and prec^itation 
processes. The concentration of solute was increased in the presence of ultrasound most 
Hkefy because of the formation of locaHzed areas of cavitation containing solvent in a 
siq>ercritical state. A ^ icalty insoluble solid becomes highfy soluble, in several cases, \^^en 
the solvent exists as a stq>ercritical fluid (SCF). Thus, the solubility of the solute is 
significant  ^greater in the regions containing SCF and the "memory" of this increased 
solubility is maintained, even after the hot ^ ot diss^ates into the bulk jQuid at ambient 
tenq)erature and pressure. 
